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Abstract 
The initial endocrine studies conducted on cetaceans focussed on measuring hormone levels in 
blood and were therefore restricted to captive and post-mortem sampling. Hormones have now been 
measured in numerous other tissues and fluids, including blubber and respiratory vapour (‘blow’), 
but validations of these methods are still required for many species. In this thesis, I investigate the 
use of blubber and blow hormones as indicators of reproductive and adrenal condition, and 
predictors of behaviour, in captive bottlenose dolphins (Tursiops truncatus, T. aduncus) and 
humpback whales (Megaptera novaeangliae). 
In Chapter 2, captive dolphins (n = 11 [female], 7 [male]) were sampled repeatedly for serum and 
blow (five times), and blubber (twice), throughout a one-year period. Progesterone, testosterone, 
oestradiol and cortisol concentrations were measured in all samples using enzyme-immunoassays. 
Relationships between hormone levels and the animal’s age, sex, reproductive condition, as well as 
the season, collection time and method of sampling, were examined. Patterns in blubber hormone 
levels were similar to those in serum. For instance, adult males possessed higher testosterone levels 
(6.59 ± 0.84 ng/g) than juvenile males (1.15 ± 0.06 ng/g, p = 0.035), and progesterone levels were 
significantly higher in pregnant (13.01 ± 0.72 ng/g) than in non-pregnant females (1.17 ± 0.10 ng/g, 
p = 0.022). Some of these patterns were also observed in blow. However, blow hormone 
measurements were considered inaccurate because nylon sampling materials, seawater 
contamination and variability in sample volumes had also influenced concentrations. 
Paired blow and blubber samples were then collected from humpback whales (Chapter 3) to 
determine if similar information could be obtained for other cetaceans in the wild. Progesterone, 
oestradiol and cortisol levels were significantly correlated in both sample types (p = 0.0035, 
< 0.001 and 0.0021 respectively). However, in contrast to blubber, variation in blow hormone 
levels related poorly to a whale’s sex, age class or the season when it was sampled. Blow sampling 
was deemed to have limited use for endocrine studies on free-swimming cetaceans, and the 
remainder of the thesis focused on applications for blubber hormone measurements. 
Chapter 4 examined whether humpback whale blubber hormone measurements were sensitive to 
storage conditions, tissue sample depth and sample deterioration. ‘Tissue depth’ effects were also 
assessed for bottlenose dolphins, short-beaked common dolphins (Delphinus delphis) and Risso’s 
dolphins (Grampus griseus). Freezing humpback whale blubber at -20˚C preserved steroid hormone 
concentrations for over 1.5 years. Steroids that had been extracted from blubber and stored in assay 
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buffer were unstable at this temperature, with significant declines in concentration occurring 
between four and ten weeks of storage (p = 0.037). Delays in freezing and tissue degradation both 
caused measured hormone concentrations to increase (p = 0.028, < 0.001 respectively). In contrast, 
tissue depth failed to have a consistent effect on measured hormone concentrations in any species. 
Nevertheless, inner layer and degraded blubber samples were excluded from further analyses in 
order to minimise potential variability in blubber hormone measurements. 
In Chapter 5, blubber cortisol was then trialled as an indicator of humpback whale adrenal cortical 
function. Whales that were sampled post-mortem after experiencing severe trauma (e.g. stranding) 
possessed significantly higher concentrations (5.47 ± 0.87 ng/g) than live whales (0.50 ± 0.01 ng/g, 
p < 0.001). Blubber cortisol levels in live whales were not influenced by the duration of sampling  
(p = 0.83) or the number of times that an animal had been approached (p = 0.68). Biopsy sampling 
therefore either failed to stimulate an adrenal stress response or there was insufficient time for a rise 
in circulating cortisol to be expressed in blubber. For humpback whales, blubber cortisol appears to 
be an indicator of chronic but not acute adrenal stress experienced at the time of sampling. 
Potential links between humpback whale reproductive physiology, behaviour and social status 
during the breeding season were then examined (Chapter 6). Blubber oestradiol levels were 
identified as a significant predictor of whether a female would be ‘escorted’ by a male (p = 0.014). 
‘Unescorted’ adult females displayed the lowest concentrations of oestradiol, and progesterone, and 
were most likely in anoestrus. In contrast, all females with blubber oestradiol levels above 1.25 ng/g 
were observed with a male, a possible sign that some of these whales were sexually receptive. For 
males, blubber testosterone levels were a significant predictor of dominance status (p < 0.001), with 
principal escorts—the dominant whales—possessing higher levels (1.43 ± 0.20 ng/g) than sub-
dominant, secondary escorts (0.69 ± 0.06 ng/g). These results are possibly the first indications of 
associated reproductive patterns in any baleen whale species. 
In this thesis, I have demonstrated that several physiological and behavioural parameters can be 
evaluated for live cetaceans by measuring steroid hormones in non-blood samples. Blubber 
hormone monitoring, in particular, could be used to assess reproductive rates and identify certain 
sub-lethal population impacts in wild populations. 
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Chapter 1: Introduction 
1.1 Thesis overview 
In this thesis I investigated the use of blubber and respiratory vapour (‘blow’) samples for endocrine 
assessments of cetaceans, specifically captive bottlenose dolphins (Tursiops spp.) and humpback 
whales (Megaptera novaeangliae). Steroid hormone levels (progesterone, testosterone, oestradiol 
and cortisol) were examined in both samples as potential indicators of adrenal stress, pregnancy, 
oestrous cycles, male reproductive seasonality, and as predictors of behaviour. This thesis also 
focuses on validations of these methods, by comparing blubber and blow hormone levels to blood
—the default sample for endocrine analyses—and by testing for impacts on hormone measurements 
from sampling- and handling-related factors. The introduction to this thesis therefore touches on a 
broad range of topics, such as the life history, physiology and behaviour of cetaceans, endocrine 
techniques and an overview of the study species. At the conclusion of this chapter, I outline a non-
lethal approach to collecting endocrine information from live cetaceans, which can hopefully be 
used to improve the monitoring of reproduction and health in wild populations. 
1.2 Wildlife endocrinology 
Hormones affect all tissues in the body and, in the process, regulate numerous physiological 
processes. Endocrine analyses have therefore been used to explore various aspects of biology, such 
as health, behaviour and reproduction, for domestic and non-domestic vertebrate species (Schoech 
and Lipar, 1998, Wasser et al., 2000, Schwarzenberger, 2007). Steroid hormones have been the 
focus of numerous endocrine studies, especially those conducted on wild species. The preference 
towards steroids has been due to their strong and long-lasting impacts on physiological processes, 
their highly conserved structure and function across all vertebrate taxa (Thornton, 2001, Kersey and 
Dehnhard, 2014) and because they are abundant and resistant to degradation in a variety of different 
tissues and fluids (Kley and Rick, 1984, Groschl et al., 2001, Reyna et al., 2001, Khan et al., 2002, 
Jane Ellis et al., 2003). Steroid hormone monitoring has emerged as a valuable technique for 
‘conservation physiology’, providing key information about the relationship between a population 
and its environment (Narayan, 2013). 
1.2.1 Impact of hormones on behaviour 
For more than a century it has been acknowledged that chemicals produced outside of the brain can 
influence behaviour. Early in the 19th century, Arnold Adolph Berthold identified that castrating 
1
Chapter 1: Introduction 
2 
cockerels caused a loss of certain male secondary sexual characteristics, such as aggression 
(Berthold, 1849). Initially, this work went largely unnoticed, and it was not until early in the 20th 
century that the chemical compounds responsible for these actions (i.e. androgenic hormones) were 
finally identified. Steroid hormones were subsequently found to influence a range of behavioural 
and physiological functions, primarily through the regulation of transcriptional processes 
(i.e. genomic effects). However, a major finding within the last 50 years is that steroid hormones 
also have rapid membrane-initiated effects (‘non-genomic’) on the brain and, therefore, an animal’s 
behaviour (Simoncini and Genazzani, 2003, Balthazart et al., 2018). 
The hormone-mediated effects on behaviour are especially important for reproduction. In many 
vertebrates, male sexual behaviour, particularly aggression, is directly influenced by androgen 
concentrations (Wingfield et al., 1990, Fuxjager et al., 2017). Zoological institutions have 
capitalised on this information, using gonadotropin-releasing hormone (GnRH) agonists 
(e.g. deslorelin implants) to down-regulate androgen secretion, and therefore male aggression, in a 
number of species (Molter et al., 2015, Raines and Fried, 2016). The influence of hormones on 
reproductive behaviour is not limited to androgens, however, with glucocorticoids, oestrogens and 
thyroid hormones all being implicated in regulating behavioural processes (Fahlbusch and Barocka, 
1995, Cornil et al., 2012, Balthazart et al., 2018). Glucocorticoids, for instance, have been found to 
suppress courtship displays and cause more reactive, passive, and submissive behaviour in some 
species (reviewed in: Steinman and Trainor, 2010). Links between hormones and behaviour have 
been examined in relatively few species, with a bias towards humans, non-human animal models 
(e.g. rodents) and primates (Mendoza et al., 1978, Bernstein et al., 1983, Balthazart et al., 2018). 
Recent advances in field-based endocrinology and ethological techniques now presents unique 
opportunities to also explore these relationships in a diverse range of wild species.
1.2.2 The endocrine response to stress 
The hypothalamic-pituitary-adrenal (HPA) axis is a key component of the endocrine system, which 
is fundamental to the maintenance or restoration of homeostasis following a change in the animal’s 
environmental or in its physiology (Fefferman and Romero, 2013, Dantzer et al., 2014). For wild 
vertebrates, most studies on the HPA axis have focused on measuring glucocorticoids, such as 
cortisol and corticosterone, following disruptions to an animal’s homeostasis from an external 
stimulus (“stress”). In addition to glucocorticoids, there are several other hormones that perform 
key roles in neuroendocrine stress responses, including adrenocorticotropic hormone (ACTH), 
mineralocorticoids (e.g. aldosterone), catecholamines (e.g. adrenaline and noradrenaline), growth 
hormone and prolactin (Ranabir and Reetu, 2011). The type of hormones that are released during a 
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stress response, and their pattern of secretion, depends on the duration, intensity and frequency of 
the stress stimulus. Acute stress responses are primarily handled by the sympathetic nervous system 
(SNS) and involve the release of catecholamines (i.e. the fight-or-flight response) from the adrenal 
medulla. Catecholamines enhance processes that are necessary for survival, such as visual acuity 
and cardio-respiratory function, while inhibiting non-essential processes, such as digestion 
(reviewed in: Romero and Butler, 2007). The typical endocrine response to prolonged stress, which 
may last from minutes to hours or more, is the secretion of glucocorticoids from the adrenal cortex. 
Glucocorticoids elicit strong behavioural and physiological effects, leading to increased substrate 
mobilisation (i.e. blood glucose levels), inhibiting growth and reproductive processes, and adjusting 
immune function. Over time these effects can compromise an individual’s health and prospects for 
survival. However, the point at which glucocorticoid secretion becomes deleterious to an animal’s 
health or survival is poorly defined, and likely varies between species and individuals (von der Ohe 
and Servheen, 2002, Fefferman and Romero, 2013). 
Identifying at-risk species or populations, and the reasons why they are threatened, is a key goal of 
conservation science. Chronic stress is known to have several negative impacts on animals, 
including their cognitive (Luine, 2002, Apfelbach et al., 2005, Teixeira et al., 2007) and immune 
system function (Chrousos and Gold, 1992, Lafferty and Holt, 2003, Lim et al., 2014), and can 
result in poorer growth and survival rates (Weinstock, 2005, Silk et al., 2009). Repeated or 
prolonged exposure to stress can also inhibit all stages of reproduction, reducing the frequency of 
oestrus and ovulations, causing declines in fertilisation and implantation rates, and contributing to 
higher rates of infant mortality (Moberg, 1976, Hennessy and Williamson, 1983, Moberg, 1991, 
Wilson et al., 1998a, Wilson et al., 1998b, Moore et al., 2005, Sheriff et al., 2009, Kellar et al., 
2013a). Chronically elevated glucocorticoid levels, caused by repeated or prolonged stress, have 
therefore been associated with declines in abundance for some populations (Fefferman and Romero, 
2013). Concentrations of glucocorticoids, and other adrenal hormones, can therefore be used as 
‘early warning’ signals for potential at-risk populations (Dantzer et al., 2014). 
1.2.3 Endocrine regulation of reproduction 
Reproductive performance is a key indicator of population viability. In vertebrates, all stages of 
reproduction are regulated by the hormones secreted from the hypothalamic-pituitary-gonadal 
(HPG) axis (Senger, 2012). HPG hormones are therefore often used as indicators of an animal’s 
reproductive condition. For instance, pre-pubescent animals can  be identified by low 
concentrations of gonadal-derived steroids (e.g. oestrogens, progestogens, androgens), mature males 
possess the highest androgen levels, and pregnant females are typically detected by the presence of 
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elevated progesterone levels. Reproductive and life history parameters, such as these, have been 
evaluated in a diverse range of domestic and wild species by measuring HPG hormones, in several 
different tissues and fluids. 
A key objective of reproductive studies on wild populations is to identify the proportion of females 
that are pregnant, and to relate changes in pregnancy rates to environmental conditions. While the 
endocrine milieu of females undergoes significant changes following fertilisation (reviewed in: 
Head and Billingham, 2014), relatively few hormones have been validated as indicators of 
pregnancy status in wild vertebrates. Progesterone is by far the most commonly used indicator, due 
to the high volumes that are secreted from the corpus luteum (CL) and the placenta (in eutherian 
mammals) to maintain myometrial quiescence, also known as the ‘progesterone block’ 
(Senger, 2012). Yet, progesterone concentrations do also vary over the course of gestation, 
particularly as an animal approaches parturition. For many species, progesterone levels decline 
during this final stage of gestation whereas several other hormones, such as oestradiol, 
prostaglandins, and relaxin, rise in concentration (Young et al., 2011, Kota et al., 2013). Gestational 
patterns of hormone secretion are, however, known for very few, and typically domestic, species. 
Characterising patterns of hormone secretion throughout the oestrous cycle has been a focus of 
reproductive studies on captive females, particularly for species that are threatened in the wild. This 
information has been essential to assisted breeding programs, ensuring that males or their semen are 
placed with females when they are sexually receptive (in oestrus). The mammalian oestrous cycle 
involves cyclical changes in the concentration of several HPG hormones, particularly progesterone, 
oestradiol and the gonadotropins (follicle stimulating hormone [FSH] and luteinizing hormone 
[LH]; Figure 1.1). The exact pattern of hormone secretion can, however, differ immensely between 
species (reviewed in: Brown, 2006). Typically, oestrogens (e.g. oestradiol) dominate during the 
period of follicular growth, gonadotropins rise sharply prior to ovulation, and progesterone 
dominate in the period after ovulation, when the ruptured follicle regresses into a CL (reviewed in: 
Senger, 2012). Under normal conditions, these cycles either occur continuously 
(polyoestrous species), multiple times in a restricted period of the year (seasonally polyoestrous 
species), or once in a year (monoestrous species). However, these cycles can be interrupted by a 
range of environmental and physiological stressors. 
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Figure 1.1: General longitudinal changes to several of the major hormones secreted 
throughout the mammalian oestrous cycle. Original illustration.
Relatively little research has been conducted on male reproductive processes when compared to 
females, particularly for non-domestic species. This is partially due to early held beliefs that 
selection against male reproductive dysfunction (e.g. infertility) would be too strong for it to 
naturally persist (Malo et al., 2005). Much of the research conducted on male reproduction has 
involved relating concentrations of androgens, and gonadotropins, to testicular measures 
(Rastogi et al., 1976, Billard et al., 1982, Morais et al., 2002), breeding behaviour 
(Lincoln et al., 1972, Onyango et al., 2013) or other secondary sexual characteristics 
(Suttie et al., 1995, Gowan et al., 2010). Repeated monitoring of androgen levels has also assisted 
with the identification of breeding seasons in some wild species, such as finless porpoises 
(Neophocaena phocaenoides asiaeorientalis; Daoquan et al., 2006, Hao et al., 2007). Identifying 
when and where breeding occurs, and providing additional protection to these biologically sensitive 
areas, is a critical step in conserving wild populations. 
Threats to an animal during breeding periods can lead to a trade-off between current reproduction 
and survival (i.e. future reproduction; Strasser and Heath, 2013). Reproductive suppression can 
have significant impacts on population abundance, particularly for species with K-selected life 
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history traits, such as low fecundity and delayed maturation. At low abundances, these populations 
can be further destabilised by Allee effects, inbreeding, a loss of genetic diversity, and 
environmental and demographic stochasticity, which together increase extinction risk 
(Blomqvist et al., 2010, Segura et al., 2017). Effective management of wild populations therefore 
requires an understanding of a species’ life history and reproductive biology, and the ability to 
evaluate changes in these biological parameters over time.
1.2.4 Challenges in assessing the endocrinology of wild vertebrates 
Conservation physiology seeks to further understand the relationships between environmental 
conditions, the physiology of individuals (e.g. health, body condition, reproductive status) and 
demographic outcomes in wild populations (Dantzer et al., 2014). Although blood is the default 
sample for many physiological analyses, including endocrinology, it is less commonly collected 
from wild animals, as it requires capture and restraint, and often the use of sedatives. These 
sampling conditions pose serious animal welfare concerns (Grootenhuis et al., 1976, Osofsky and 
Hirsch, 2000), and have resulted in numerous deaths from capture-stress myopathy, trauma and 
overdoses of anaesthetics (Arnemo et al., 2006). Physiological studies on wild populations have 
therefore shifted focus towards the use of other biological samples that can be collected using 
remote or minimally-invasive methods. 
The value of measuring hormone levels in non-blood samples has long been recognised 
(Schwarzenberger, 2007, Narayan, 2013). Steroid hormones assimilate into a range of different 
tissues and fluids via passive diffusion, facilitated diffusion and active processes (reviewed in: 
Amaral, 2010). For instance, circulating hormones are metabolised by the liver and then secreted 
into the gut via the bile; here they integrate into the faeces over the period of gut passage. A key 
benefit of using non-blood samples for endocrine studies is that sampling causes minimal disruption 
to animal behaviour and often has little impact (i.e. iatrogenic spikes) on hormone measurements 
(Wasser et al., 2000, Palme et al., 2013, Kersey and Dehnhard, 2014). There are, however, a 
number of caveats to obtaining accurate hormone measurements from these samples, which have 
not always been adequately addressed in studies on wild populations (Goymann, 2012). 
For hormone measurements in any biological sample to be valid they must meet several criteria 
(see: Goymann, 2005, Palme, 2005, Touma and Palme, 2005, Palme et al., 2013). Most importantly, 
a detectable change in concentration must occur following a pharmacologically- or naturally-
induced change to the animal’s physiological condition (Touma and Palme, 2005). For domestic 
species, this is often achieved via an exogenous hormone challenge (a physiological validation). 
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This is rarely feasible for wild species as it requires an animal to be sampled at regular intervals, 
which is not often possible or ethical (Kersey and Dehnhard, 2014). An alternative for wild animals 
is to sample an individual before and after a definitive biological event (e.g. pregnancy, predation 
attempt), and then determine whether there was a meaningful change in the target hormone. 
The majority of wildlife endocrine studies have used either radio-immunoassays (RIAs) or enzyme-
immunoassays (EIAs) to measure hormone concentrations. The results of these analyses can be 
influenced by several factors unrelated to endogenous hormone concentrations, such as the 
specificity of the antibodies used (i.e. the degree to which they cross-react with different 
metabolites in the sample; Touma and Palme, 2005, Kersey and Dehnhard, 2014). The composition 
of a parent hormone and its metabolites differs for each tissue and fluid, and often varies between 
species (Goymann, 2012). In some samples, such as in faeces, the composition can also be 
influenced by environmental and biological variables (e.g. season, sex, diet, age; Goymann, 2012). 
These factors can introduce random noise into EIA and RIA measurements as well as systematic 
error, which, if not accounted for, can significantly affect the interpretation of results 
(Goymann, 2012). In clinical and medical research, immunoassays have been largely replaced by 
chromatography-mass spectrometry techniques (Stanczyk and Clarke, 2010). These methods also 
have a particular appeal for wildlife research, as a range of metabolites can be accurately quantified 
from a single, low mass/volume sample (Kersey and Dehnhard, 2014). However, to date, few 
studies on wild species have used these methods, primarily due to their high purchasing and 
operational costs, and technical complexity (Murtagh et al., 2013, Kersey and Dehnhard, 2014). 
1.3 Cetaceans 
1.3.1 Life history characteristics 
The cetaceans (whales, dolphins and porpoises) are considered to be the largest monophyletic clade 
of animals to demonstrate a K-selected life history approach (Chivers, 2009). As with other ‘K 
strategists’, these species exhibit high maternal and low paternal investment in their offspring, and 
delayed maturation. Cetaceans also experience the unique demand of being obligate aquatic 
inhabitants that are homoeothermic and rely on air to breathe. Through natural selection, this has 
ultimately resulted in the production of calves that are born with a high level of physical 
development, capable of independently swimming after birth. Cetacean neonates are therefore 
relatively large in size (~28 – 48% of maternal body length) and mass (up to 8 – 10% of the 
mother’s bodymass) when compared to other mammals (Chivers, 2009, Stewart and Stewart, 2009). 
A further consequence of this high maternal investment is that only one viable offspring is ever 
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produced (Robeck et al., 2001, Stewart and Stewart, 2009). Multiple gestation pregnancies have 
been observed in several species but have consistently resulted in fatal outcomes for the mother or 
the foetuses (Gray and Conklin, 1974, González et al., 1999, Kompanje, 2005, IJsseldijk et al., 
2014). In terms of Darwinian fitness, these low reproductive rates have been offset by extended 
lives, with some cetacean species possibly living for over 100 years (Lockyer, 1984b, Lockyer, 
2001, Keane et al., 2015). A relatively unique life history feature of some cetaceans, specifically the 
odontocetes with matrilineal social groups, is a prolonged post-reproductive life (Marsh and 
Kasuya, 1986, Ward et al., 2009, Johnstone and Cant, 2010, Robeck et al., 2015, Photopoulou et al., 
2017).  
Cetacean populations were decimated during the early 20th century due to widespread commercial 
harvesting. Several of these populations have since recovered in abundance following the 
international moratorium on commercial whaling. These rapid recoveries can be partially attributed 
to the ability of some species to breed annually (see: Chittleborough, 1958, Yoshioka et al., 1989, 
West et al., 2000, Kjeld et al., 2004, West et al., 2007). It is also likely for some populations, 
specifically the southern hemisphere baleen whales, that individual growth rates have accelerated 
and, as a result, the age of maturation has decreased (Lockyer, 1984a). The suggested cause of these 
individual and population changes is the increased availability of Antarctic krill 
(Euphausia superba) and decreased resource competition—both of which are an artefact of the 
commercial decimation of whale stocks (Yablokov et al., 1998, Clapham et al., 1999, Baker and 
Clapham, 2004).
Capital breeding species, including most baleen whales (mysticetes), need to store large amounts of 
energy in order to reproduce while fasting. Consequently, female baleen whales, which possess the 
intense energetic demands of gestation and lactation, tend to possess a large body size than males
(i.e. reversed sexual dimorphism). An additional consequence of capital breeding for these species 
is that foetal growth rates are non-linear (Frazer and Huggett, 1973, Reese et al., 2001). Growth 
rates are relatively slow during the period when females fast but increase rapidly when mothers 
return to feeding areas or when they switch from a low to high calorific diet (reviewed in: Evans 
and Stirling, 2001, Lockyer, 2001). Although body condition has a less pronounced effect on 
reproduction in ‘income breeders’, such as most delphinids, reproductive success in some of these 
species can still be linked to prey availability (see: Ward et al., 2009).
Most information about the life history of cetaceans has been generated through early whaling 
studies or the examination of stranded or bycaught animals. Advances in photo-identification 
methods, biological sampling techniques, and genetic and molecular analyses, has created 
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opportunities to now determine some of this information, such as reproductive rates, in live animals 
(Hunt et al., 2013). Collecting information about health and reproduction in wild populations can 
improve their conservation by highlighting potential concerns (e.g. reproductive failure, 
malnutrition, disease) that require intervention (Lilley et al., 2017). 
1.3.2 Reproduction 
With regards to their reproductive anatomy, cetaceans appear similar to other mammals (Figure 1.2; 
Stewart and Stewart, 2009). However, several of the typical male accessory glands, including 
seminal vesicles, Cowper glands, and ampulla, are absent. These species also possess some unique 
morphological features that are suited towards living in an aquatic environment. Cetaceans are 
testicond, and their abdominal cavity is surrounded by heat producing and retaining tissues, 
including blubber—a lipid rich dermal tissue (Slijper, 1966). Excess heat that is generated in the 
abdominal cavity is shifted away from the testes via a counter-current arrangement of blood vessels 
(i.e. a rete mirabile; see: Atkinson, 2009). Similarly, in females, heat generated in the uterine 
compartment, which could be damaging to the foetus, is transferred from the uterovarian arterial 
plexus to the lumbo-caudal venous plexus (i.e. peripheral circulation; Rommel et al., 1993). The 
structure and pattern of activity of the ovaries is more variable among species, particularly between 
the two sub-Orders: odontocetes possess smooth, spherical ovaries housed deep within ovarian 
bursa (Berta et al., 2006), with a bias in activity towards the left ovary (Ohsumi, 1964, Robeck et 
al., 2005, Robeck et al., 2009, Stewart and Stewart, 2009); mysticetes possess flat, elongated 
ovaries, which retain equal function throughout the animal’s life (Boness, 2009, Stewart and 
Stewart, 2009). There remains a lack of anatomical and physiological observations for several 
species, particularly any oceanic, deep diving species that are rarely encountered (e.g. beaked 
whales). 
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Figure 1.2: Key features of cetacean reproductive anatomy. A: The structure of the bicornuate 
uterus; B: structure of the foetal compartment and the epitheliochorial placenta; C: reproductive 
anatomy of male dolphins. Illustrations ‘A’ and ‘B’ reproduced from Stewart and Stewart, 2009 
with permission from Elsevier. Illustration ‘C’ reproduced from Berta et al., 2006 with permission 
from Elsevier.
To date, the majority of cetaceans have been identified as spontaneous ovulators and polyoestrous, 
with some degree of reproductive seasonality exhibited in most species (Robeck et al., 2001, 
Stewart and Stewart, 2009). The behavioural and physiological characteristics of ovulation and 
oestrus have been described for relatively few species, typically those that are maintained in 
captivity (Wells, 1984, Robeck et al., 1993, Moore and Ridgway, 1996, Robeck et al., 2005, 
Katsumata et al., 2006, Robeck et al., 2009, Katsumata, 2010, Kusuda et al., 2011, Muraco and 
Kuczaj, 2015). Similarly, few species have been observed copulating. For most species, copulation 
is believed to take place belly-to-belly due to anatomical constraints. However, some species with 
motile, elongated penises, such as right whales (Eubalaena spp.), are known to copulate side-by-
side at the surface. Fertilisation is expected to occur within the oviduct, with implantation of the 
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blastocyst then occurring in either the uterine horn associated with the active ovary (for mysticetes) 
or the inactive ovary (for odontocetes; Ohsumi, 1964, Slijper, 1966, Harrison et al., 1969a, Harrison 
et al., 1969b, Stewart and Stewart, 2009). Non-conceptive (social) mating is observed in several 
species, with individuals of the same sex, different species and male calves with their mothers 
displaying copulatory-like behaviour (Ridgway, 1972, Puente and Dewsbury, 1976, Wells, 1984, 
Connor et al., 1992, Dudzinski, 1998, Duffield and Amos, 2001, Herzing et al., 2003, Furuichi et 
al., 2014). 
The duration of gestation varies between cetacean species, ranging from ten to seventeen months 
(Chivers, 2009). For all species, however, parturition is believed to be a rapid process, which is 
necessary to minimise the threat of a calf drowning (Stewart and Stewart, 2009). The subsequent 
lactational period ranges from as little as six months, in some baleen whales, to several years, in 
some odontocetes with persistent familial groups (Oftedal, 1997, Chivers, 2009). The milk provided 
to calves is high in calories, fat (15 – 50%) and protein (7 – 19%), allowing the calf to rapidly 
deposit blubber in the thermally hostile environment (Oftedal, 1997, Oftedal, 2011). For some 
odontocetes, nursing is assisted by other adult females in the group, which spontaneously lactate in 
the presence of a calf (Pryor et al., 1991, Ridgway et al., 1995, Gaspar et al., 2000, Olson, 2008). In 
these species, the costs of alloparenting are likely offset by the fitness benefits associated with 
improved kin survival rates (Waite, 1988, Pryor et al., 1991, Augusto et al., 2017). Lactation does 
not appear to supress ovarian activity, with females of numerous species having been observed as 
both pregnant and lactating. 
1.3.3 Adrenal physiology 
Marine ecosystems experience frequent, and sometimes drastic, changes in their physical 
(e.g. temperature, sea state, currents), chemical (e.g. salinity) and biological characteristics 
(e.g. species distribution and abundance). Cetaceans and other marine species must therefore be 
physiologically adapted to cope with these changes, and to counter the persistent challenges of 
thermoregulation and osmoregulation in a hypertonic, thermally conductive environment. The 
general structure of the cetacean HPA axis is similar to most other mammals. For instance, the 
adrenal glands can be divided into the medulla and the cortex (composed of the zona glomerulosa, 
the zona fasciculate and the zona reticularis) and the pituitary is composed of three lobes—the 
anterior pituitary, the posterior pituitary and the intermediate pituitary (reviewed in: St Aubin, 
2001, Atkinson et al., 2009). Examining the activity of the HPA axis, particularly in response to 
anthropogenic and environmental stressors, is a focus of current cetacean research. 
Chapter 1: Introduction 
12 
A substantial amount of physiological research on cetaceans has focused on the response of animals 
to acute stressors, such as capture and restraint (Koopman et al., 1995, Fair and Becker, 2000, Ortiz 
and Worthy, 2000, St Aubin and Dierauf, 2001, Suzuki et al., 2002, Suzuki et al., 2003, Desportes 
et al., 2007, Eskesen et al., 2009, Schmitt et al., 2010, Houser et al., 2011, Lyamin et al., 2011, St. 
Aubin et al., 2013, Fair et al., 2014, Hart et al., 2015). In some captive species, these stress 
responses have been pharmacologically induced using HPA stimulants, such as hydrocortisone, 
ACTH or dexamethasone (Thomson and Geraci, 1986, Orlov et al., 1988, St. Aubin and Geraci, 
1990, Orlov et al., 1991, Reidarson and McBain, 1999, Champagne et al., 2017). Elevated cortisol 
has been the most consistently observed sign of adrenal stress across species; however, changes to 
tissue enzyme levels, cardio-respiratory rates, haematology, and other hormones, particularly 
aldosterone and ACTH, have also often occurred. Cortisol is secreted in a typical mammalian 
fashion, with baseline levels varying with a circadian rhythm (Suzuki et al., 2002, Suzuki et al., 
2003, Schmitt et al., 2010, Funasaka et al., 2011), and sharp increases in concentration occurring 
within minutes after the onset of stress (Ridgway et al., 1970, Geraci and Medway, 1973, St. Aubin 
and Geraci, 1989, Priddel and Wheeler, 1998, St. Aubin, 2002). In addition to the physiological 
signs of acute stress, there is a growing body of evidence in support of the use of behaviour, such as 
diving and vocalisation rates, as an index of stress in cetaceans (Richardson and Würsig, 1997, 
Waples and Gales, 2002, Castellote and Fossa, 2006, Esch et al., 2009). 
There has been considerably less research into the impacts of chronic adrenal stress on cetaceans 
because repeatedly sampling individuals over time is rarely ethical, practical or possible, 
particularly when collecting blood. The detection of chronic adrenal stress therefore requires the 
use of alternative biological samples and sampling methods. As often done for terrestrial mammal 
studies, hormone metabolites (glucocorticoids and aldosterone) have been measured in the faeces of 
some species (Hunt et al., 2006, Ayres et al., 2012, Rolland et al., 2012, Burgess et al., 2017b, 
Rolland et al., 2017). These studies have used faecal hormone measurements to investigate the 
stress experienced by animals from shipping and anthropogenic noise, changes in prey availability, 
entanglement in fishing gear and stranding. Additional studies of this nature will be required for 
many populations that are facing an increasing number of anthropogenic threats and the potential 
impacts of a changing global climate. 
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1.4 Endocrine monitoring of cetaceans 
1.4.1 Post-mortem studies 
The study of cetacean carcasses is still a relatively common practice, with observations made 
following opportunistic encounters (Schneyer et al., 1985, Carballeira et al., 1987), or after the 
harvesting of wild animals for either subsistence (Kjeld et al., 1992, Kellar et al., 2013b) or 
commercial whaling (Iga et al., 1996, Kitayama et al., 2015). In contrast to commercial whaling 
practices (sometimes termed ‘scientific whaling’), which have been subject to intense international 
scrutiny (Gales et al., 2005, Clapham et al., 2007, de la Mare et al., 2014, Clapham, 2015, Waugh 
and Monamy, 2016), examining opportunistically encountered carcasses is considered an ethical 
way to study cetacean biology. Post-mortem studies have provided rare opportunities to examine 
species that have failed to be sampled in the wild and obtain detailed physiological data that cannot 
otherwise be gathered from live animals. The sampling of carcasses also presents unique 
opportunities to validate physiological research techniques that can later be applied to the live 
population. 
The first post-mortem endocrine studies on cetaceans focused on measuring steroid hormones in 
serum or plasma, and relating concentrations to the demographic and reproductive characteristics of 
the animal (Temte and Spielvogel, 1985, Kjeld and Theodorsdottir, 1990, Temte, 1991, Kjeld et al., 
1992), or to health-related factors (Subramanian et al., 1987, Kjeld, 2001). With the exception of 
one study on Dall’s porpoises (Phocoenoides dalli; Temte, 1991), serum progesterone has been 
reliably used to discriminate pregnant and non-pregnant females (Yoshioka et al., 1989, Yoshioka 
and Aida, 1991, Kjeld et al., 1992, Yoshioka and Fujise, 1992, Kjeld et al., 2003, Kjeld et al., 2004, 
Kjeld et al., 2006). Fewer post-mortem studies have examined relationships between oestrogens and 
female reproductive parameters. Nevertheless, oestrogens have been confirmed as important for 
follicular development and atresia in at least one of the species examined to date—minke whales 
(Balaenoptera acutorostrata; Iga et al., 1996). For males, testosterone levels have often been 
related to reproductive maturity and to testicular measures (Temte, 1991, Kjeld et al., 1992, 
Yoshioka and Fujise, 1992, Kjeld et al., 2004). Testosterone levels have often overlapped between 
male age classes, particularly when sampling a species outside of its breeding season. This has 
likely been due to the pulsatile secretion of testosterone into circulation, which should have less of 
an impact when testosterone is measured in integrated samples, such as blubber. 
The development of blubber hormone monitoring techniques has been a major outcome from post-
mortem cetacean research. Steroid hormones diffuse into blubber from peripheral circulation 
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(Deslypere et al., 1985, Borobia et al., 1995), resulting in relatively high proportions of parent 
hormones, as opposed to metabolites (cf. faeces), in this tissue (see: Boggs et al., 2017, 
Hayden et al., 2017). The primary focus of post-mortem blubber hormone studies has been 
pregnancy detection. Pregnant females have been found to possess significantly higher progesterone 
levels than all other life history classes, for all species studied to date (Mansour et al., 2002, Kellar 
et al., 2006, Pérez et al., 2011, Kellar et al., 2013b, Trego et al., 2013). Less research has been 
conducted on males; however, links between blubber testosterone levels, maturation state and 
testicular activity have been confirmed in short-beaked common dolphins (Delphinus delphis; 
Kellar et al., 2009). As blubber accumulates hormones over hours to days (see: Schwacke and 
Wells, 2015, Champagne et al., 2017), measurements in this sample are less sensitive to short-term 
fluctuations in circulating hormone levels. Consequently, some reproductive parameters, such as 
pregnancy, can be diagnosed with greater accuracy compared to when blood or urine samples are 
used (see: Sawyer-Steffan et al., 1983, Kirby, 1984, Schroeder and Keller, 1989, Temte, 1991). 
Given this, however, other short-term endocrine events, such as oestrus and acute stress, are also 
unlikely to be detected (Kellar et al., 2013b). This failure to detect acute stress-related changes in 
blubber hormones has been confirmed when examining entangled short-beaked common dolphins 
(Kellar et al., 2015) and hunted belugas (Delphinapterus leucas; Trana et al., 2016). On the other 
hand, there has been no attempt to detect oestrus using blubber hormone levels, with only one 
preliminary report indicating that elevated oestradiol levels might indicate ovarian activity in short-
beaked common dolphins (Robbins et al., 2016). An alternative to blubber, which might be useful 
for detecting temporally restricted endocrine events, is the measurement of steroid concentrations in 
skin samples (see: Bechshøft et al., 2015, Bechshøft et al., 2017). 
Several recent post-mortem studies have identified that the collection and handling of blubber 
samples can influence its steroid hormone levels, or their measurement. As cetacean blubber is 
structurally and biochemically stratified (Figure 1.3), many constituents, including steroids, have 
been found to possess heterogeneous distributions (Trana et al., 2015, Mello et al., 2017). Similar 
variability has been found when collecting blubber samples from different sites on an animal’s body 
(Kellar et al., 2006, Kellar et al., 2009, Mello et al., 2017). Overall, however, there have been no 
consistent trends across species. Blubber hormone measurements can also be affected by the 
condition of a carcass and how a sample is treated after collection. As with tissue depth and the site 
of sampling, these effects have been relatively species-specific. Degradation has caused increased 
steroid levels in humpback whale blubber (Mello et al., 2017), decreased levels in beluga blubber 
(Trana et al., 2015) and had no significant effect on samples from northern right whale dolphins 
(Lissodelphis borealis; Kellar et al., 2006). However, concentrations in northern right whale dolphin 
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blubber did show an increasing trend with the time a sample spent at ambient temperatures. 
Steroids, such as progesterone and cortisol, have so far proved to be stable in frozen blubber 
(Kellar et al., 2006, Kellar et al., 2015, Trana et al., 2015). However, few species have been 
examined and stability has only been assessed once degraded portions of a tissue sample were 
removed. The potential impacts that other handling-related factors, such as storage temperature 
and freeze-thaw cycles, could have upon blubber hormone measurements are yet to be examined. 
Figure 1.3: Transverse view of cetacean integument. Structure of integument in mysticetes (A) 
and odontocetes (B): epidermis (1), dermal papillae (2), dermis (3), hypodermis (4), subcutaneous 
muscle (5), collagen fibre bundles (6), elastin fibre bundles (7), adipocytes (8). C: Longitudinal 
section through bottlenose dolphin skin, blubber layers and muscle . Illustrations ‘A’ and ‘B’ 
sourced with permission from John Wiley and Sons and produced by Sokolov, 1955 and Reeb et al., 
2007. Illustration ‘C’ reproduced from Samuel and Worthy, 2004 with permission from NRC 
research press © Canadian Science Publishing or its licensors. 
Two novel biological samples—baleen plates and cerumen (i.e. ear wax)—have recently been 
examined to explore the endocrine history of some deceased baleen whales (Trumble et al., 2013, 
Hunt et al., 2014b). Progesterone levels were found to vary along the length of baleen plates, 
revealing incidences of pregnancy and ovulation in the lifetimes of bowhead whales (Balaena 
mysticetus; Hunt et al., 2014b). Cortisol levels also varied between the cerumen lamina of a blue 
whale (Balaenoptera musculus), providing information on the stress experienced by an animal over 
the course of its life (Trumble et al., 2013). Archived baleen and cerumen samples could therefore 
be used to retrospectively examine the impacts of anthropogenic activities on baleen whale health 
and reproduction, over broad periods of time (decades). However, as the collection of new samples 
is unpredictable, there is limited use for baleen or cerumen hormone analyses in the real-time 
management of wild populations. 
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1.4.2 Research on live cetaceans in captivity and the wild 
Few wild cetaceans can be sampled for blood due to the impracticalities of capturing and restraining 
many of these large, aquatic species. Blood-based hormone analyses on live cetaceans have 
therefore been restricted to captive studies (Schroeder and Keller, 1989, Suzuki et al., 2003) and a 
small number of capture-release projects in the wild (Eskesen et al., 2009, Fair et al., 2014). Captive 
populations are a valuable resource for validating hormone measurements, in various tissues and 
fluids, against objective criteria of an animal’s age, sex, health and reproductive status. A range of 
different biological samples, collected from captive cetaceans, have been found to contain 
measurable levels of steroid hormones: saliva (Atkinson et al., 1999, Pedernera-Romano et al., 
2006, Ugaz et al., 2013, Monreal-Pawlowsky et al., 2017), urine (e.g. Robeck et al., 1993, Muraco 
et al., 2010, Steinman et al., 2012), ocular secretions (Atkinson et al., 1999), faeces (Biancani et al., 
2009, Kusuda et al., 2011), skin (Bechshøft et al., 2017), blubber (Champagne et al., 2017), blow 
(Hogg et al., 2005, Tizzi et al., 2010, Richard et al., 2017) and milk (West et al., 2000). Urine 
sampling has been particularly favoured for studies on captive animals as it can be repeatedly 
collected without some of welfare risks associated with repeated blood sampling (e.g. phlebitis). 
Early captive breeding programs used serum progesterone measurements as an indicator of 
pregnancy (Sawyer-Steffan et al., 1983, Kirby and Ridgway, 1984, Yoshioka et al., 1986, Cornell et 
al., 1987, Owen, 1990, Schroeder, 1990) and testosterone measurements as an indicator of testicular 
activity (Harrison and Ridgway, 1971, Schroeder and Keller, 1989). Accurate diagnoses of 
pregnancy often required repeated sampling due to occasional overlaps in concentration with 
females in the luteal phase of an oestrous cycle. On the other hand, testosterone has been found to 
reach maximum levels prior to peaks in testicular activity, indicating either a lag-time in the 
spermatogenic cycle (Schroeder and Keller, 1989) or inhibitory effects of maximum testosterone 
levels on spermatogonial recruitment (Robeck et al., 1994). More recent studies have focused on 
characterising the endocrine dynamics of the oestrous cycle for a number of species, including 
belugas (Steinman et al., 2012), Pacific white-sided dolphins (Lagenorhynchus obliquidens; Robeck 
et al., 2009), bottlenose dolphins (Robeck et al., 2001, Muraco et al., 2009, O’Brien and Robeck, 
2010) and killer whales (Orcinus orca; Walker et al., 1988, Robeck et al., 1993). This has typically 
been achieved by making daily comparisons between urinary hormone levels (e.g. LH and 
oestrogen conjugates) and ultrasonographic images of the ovaries. For some species, this 
information has now been used to time ‘natural’ and artificial insemination breeding attempts with 
ovulation (Robeck et al., 2004, Robeck et al., 2005, Robeck et al., 2009, O’Brien and Robeck, 2010, 
Robeck et al., 2010). Other hormones measurements, including thyroid hormones (thyroxine and 
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triiodothyronine), cortisol, testosterone and relaxin, have subsequently been used to track the 
progression of gestation and predict pregnancy outcomes in captive females (Bergfelt et al., 2011, 
O'Brien and Robeck, 2012, Robeck et al., 2012, Bergfelt et al., 2013, West et al., 2014, Steinman et 
al., 2016, Bergfelt et al., 2017). 
Remote tissue-biopsying is the most common method used to collect biological samples from wild 
cetaceans (Hunt et al., 2013). Skin and blubber samples collected via this method have been used 
for a range of purposes, including genetics (Clapham and Palsbøll, 1997, Möller et al., 2011), 
toxicology (Fossi et al., 2000, Hobbs et al., 2003) and ageing studies (Herman et al., 2009, 
Polanowski et al., 2014). Although ‘biopsying’ is an invasive process, the behavioural responses to 
sampling are typically minor and short-lived, with no evidence of impacts on habitat use or 
reproduction (reviewed in: Tezanos-Pinto and Baker, 2012). There has been only one reported 
mortality—a common dolphin, which likely died from vertebral trauma after being shot with a dart 
designed for a larger species (Bearzi, 2000). Persistent pathology has not been reported in any other 
study (Lambertsen, 1987, Weller et al., 1997, Krützen et al., 2002, Parsons et al., 2003, Cunha and 
Solé-Cava, 2007, Noren and Mocklin, 2012, Tezanos-Pinto and Baker, 2012). Following the 
success of post-mortem blubber hormone studies, remote biopsying has now been used to conduct 
endocrine studies on live cetaceans: blubber progesterone measurements have been used to assess 
pregnancy (Kellar et al., 2013a, Kellar et al., 2014, Clark et al., 2016, Pallin et al., 2018), and 
blubber testosterone levels have been monitored to evaluate male reproductive seasonality (Vu et 
al., 2015). Tissue biopsies collected from captive bottlenose dolphins have also been used to test 
cortisol levels as a measure of adrenal stress (Houser et al., 2016, Champagne et al., 2017). Blubber 
hormones have yet to be trialled as potential indicators of ovarian activity in any live cetacean. 
Another sample that has received considerable interest from cetacean researchers, for use on both 
captive and wild animals, is respiratory vapour, or ‘blow’. The potential to quantify hormone levels 
in cetacean blow samples was first recognised by Hogg et al. (2005), who demonstrated that 
progesterone and testosterone were present in samples from captive bottlenose dolphins. However, 
Trout (2008) has suggested that it was not testosterone that was detected but some other metabolite. 
Subsequent studies on this species demonstrated that blow progesterone and cortisol levels change 
in response to pregnancy and acute stress (Amadei et al., 2008, Tizzi et al., 2010). Though, these 
studies failed to conduct any methodological validations (e.g. matrix interference tests, 
parallelisms) or mention any of the known limitations with quantifying molecules in blow, such as 
variable respiratory water dilution (see: Effros et al., 2002, Effros et al., 2004, Horvath et al., 2005, 
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Effros, 2010). Additional issues with blow hormone monitoring have since been identified, in 
particular variability in sample volumes, seawater contamination, and the impact of nylon sampling 
materials on hormone measurements (Thompson et al., 2014, Burgess et al., 2016). Some of these 
problems have been resolved by discarding the first exhalation after an animal surfaces, collecting 
multiple exhalations, and by cleaning or protecting the blowhole from seawater (Thompson et al., 
2014, Richard et al., 2017). Using these methods, several biologically important patterns in 
hormone levels have been detected. For instance, in captive belugas, testosterone levels differed 
between age classes and across seasons in males, progesterone levels changed during oestrous 
cycles and pregnancy (Richard et al., 2017), and cortisol levels increased after capture and restraint 
(Thompson et al., 2014). Regrettably, some of the techniques used are impractical for studies on 
many free-swimming animals. Blow hormone levels have therefore been more variable when 
collected from free-swimming cetaceans, such as humpback whales (Hogg et al., 2009) and north 
Atlantic right whales (Hogg et al., 2009, Hunt et al., 2014a). This variability has been significantly 
reduced by using urea nitrogen as an endogenous marker for respiratory water dilution (Burgess et 
al., 2017a). After adjusting for dilution, blow hormones could be used to identify demographic and 
reproductive groups of north Atlantic right whales. Thus far, this particular blow hormone control 
measure has only been tested in one other cetacean species (belugas) and with poor results 
(Thompson et al., 2014). 
Endocrine studies on terrestrial vertebrates have benefited immensely from the development of 
faecal hormone monitoring techniques (reviewed in: Brown, 2006). These methods have also been 
used for a limited number of captive and wild cetaceans to assess various reproductive parameters 
(e.g. pregnancy, ovarian activity) and adrenal stress (Rolland et al., 2005, Hunt et al., 2006, Rolland 
et al., 2007, Biancani et al., 2009, Kusuda et al., 2011, Ayres et al., 2012, Rolland et al., 2012, 
Burgess et al., 2017b, Corkeron et al., 2017, Rolland et al., 2017). Despite these successes, this 
method remains impractical for studies on many wild cetaceans, which feed, and subsequently 
defecate, in spatially or temporally unpredictable areas (Hunt et al., 2013). ‘Sniffer’ dogs can be 
used to increase detection and collection rates (Rolland et al., 2007) but only for those species that 
produce semi-solid floating faeces. In these circumstances, there is also the risk of mistaking the 
identity of the animal that was sampled. Consequently, for many wild cetaceans, endocrine studies 
need to focus on the use of skin, blubber or blow as a biological sample. 
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1.5 Study species 
1.5.1 Bottlenose dolphins 
The bottlenose dolphin is the most well known and studied of all cetaceans, primarily due to the 
large number of animals kept in captivity and their high abundance in many coastal regions (Wells 
and Scott, 2009). ‘Bottlenose dolphin’ refers to a group of species within the Tursiops genus, which 
currently includes the common bottlenose dolphin (T. truncatus) and the Indo-Pacific bottlenose 
dolphin (T. aduncus). At least one further species (T. australis) has been described 
(Charlton-Robb et al., 2011) but is yet to be widely acknowledged. Further taxonomic uncertainty 
exists within the Tursiops genus because of hybridisation between different populations, and 
between different species (Dohl et al., 1974, Antrim and Cornell, 1981, Nishiwaki and Tobayama, 
1982, Shimura et al., 1986, Wang et al., 2001, Wells and Scott, 2009). 
The life history of bottlenose dolphins is typical of other cetaceans, with delayed maturation (5 – 15 
years depending on the species, sex and individual), long lifespans (possibly > 50 years), high 
maternal investment and low reproductive output (Wang and Yang, 2009, Wells and Scott, 2009). 
Bottlenose dolphins are polyoestrous, spontaneous ovulators and possess a gestational period of 
approximately 12 months (Sawyer-Steffan et al., 1983, Kirby and Ridgway, 1984). The majority of 
calves are born from late spring to early autumn; however, these species are not considered to be 
strict seasonal breeders (Urian et al., 1996, Fernandez and Hohn, 1998, Thayer et al., 2003, Kogi et 
al., 2006). Prolonged lactation (up to several years) and relatively large interbirth intervals are 
common, but annual breeding also occurs (Wang and Yang, 2009, Wells and Scott, 2009). 
The reproductive endocrinology of bottlenose dolphins, particularly females, has been extensively 
studied, primarily as part of captive breeding programs. For males, existing research has focussed 
almost exclusively on the use of testosterone (Harrison and Ridgway, 1971, Schroeder and Keller, 
1989, Kirby, 1990, Brook, 1997, Yuen, 2007, Funasaka et al., 2011) and more recently anti-
Müllerian hormone levels (Wade, 2011) as an indicator of testicular activity and maturity status. It 
has yet to be determined whether hormone measurements in other biological samples, such as 
blubber, could also be used to evaluate these parameters. In contrast, for females, blow and blubber 
samples have been confirmed as suitable for detecting pregnancy-related increases in progesterone 
levels (Tizzi et al., 2010, Pérez et al., 2011, Kellar et al., 2017). Recent reproductive endocrine 
research on females has concentrated on evaluating fine-scale patterns of hormone secretion 
throughout oestrous cycles and pregnancy, and using various synthetic hormones to influence 
reproductive processes (Briggs et al., 1996, Robeck et al., 1998, Asa and Porton, 2005, Robeck et 
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al., 2005, Bergfelt et al., 2011, O'Brien and Robeck, 2012, West et al., 2014, Steinman et al., 2016, 
Bergfelt et al., 2017). 
Bottlenose dolphins have been the subject of several animal welfare and stress-related studies in 
both captivity and the wild (Ortiz and Worthy, 2000, Waples and Gales, 2002, Ugaz et al., 2013, 
Fair et al., 2014, Hart et al., 2015, Monreal-Pawlowsky et al., 2017). The endocrine stress response 
exhibited by these species has been similar to other cetaceans, with HPA axis hormones, such as 
cortisol, ACTH and aldosterone, increasing following the onset of an induced stressor (Thomson 
and Geraci, 1986, Orlov et al., 1988, Orlov et al., 1991, St Aubin et al., 1996, Reidarson and 
McBain, 1999, Ortiz and Worthy, 2000, Houser et al., 2011, Suzuki et al., 2012, Fair et al., 2014, 
Hart et al., 2015, Houser et al., 2016). Several non-blood samples, such as saliva (Pedernera-
Romano et al., 2006, Ugaz et al., 2013, Monreal-Pawlowsky et al., 2017) and blubber (Champagne 
et al., 2017), have also been confirmed as suitable for monitoring changes in these adrenal 
hormones. A number of these biological sampling techniques are currently being employed in long-
term population health assessment programs (e.g. the Sarasota Dolphin Research Program) to assess 
the impacts of chronic stressors on the health of wild bottlenose dolphins. 
Given the extensive endocrine research conducted on bottlenose dolphins, these species are a 
suitable model for developing and validating novel hormone monitoring techniques. SeaWorld 
Australia maintains one of only two captive dolphin populations in Australia, with a number of T. 
truncatus, T. aduncus and hybrid T. truncatus x aduncus held at this facility. Each of these dolphins 
is of known sex and age, and has a known history of reproduction and health. These animals have 
been operantly conditioned to provide biological samples, and were the test subjects used in the first 
cetacean blow hormone studies (Hogg, 2005, Hogg et al., 2005). This ex situ population, which is 
situated in close proximity to the Wildlife Endocrinology Laboratory (the University of 
Queensland), is therefore a suitable candidate for testing the use of non-blood samples, such as 
blow and blubber, for reproductive and adrenal endocrine studies on cetaceans. 
1.5.2 The humpback whale 
Humpback whales are a cosmopolitan species and perhaps the most well studied of all baleen 
whales. Many of their populations were heavily harvested throughout the last two centuries, leading 
to marked declines in global abundance (Chapman, 1974, Clapham et al., 1999). Commercial 
whaling did, however, afford some opportunities to study their life history, anatomy and 
reproductive physiology (Matthews, 1937, Robins, 1954, Chittleborough, 1955a, Chittleborough, 
1955b, Chittleborough, 1958, Stump et al., 1960). Sexual maturity was found to be reached between 
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five and ten years of age, depending on an individual’s sex, population and body condition 
(Clapham and Mayo, 1987a, Clapham, 1992, Clapham and Palsbøll, 1997), and life span has been 
estimated to be in excess of 95 years (Chittleborough, 1959, Chittleborough, 1965). However, the 
techniques used to age animals might be slightly inaccurate (reviewed in: Polanowski et al., 2014). 
While two foetuses have been observed in pregnant female carcasses (Chittleborough, 1958), 
successful twinning has never been reported. Thus, the life history characteristics of humpback 
whales appear similar to other cetaceans. 
Despite a low fecundity approach to reproduction, many humpback whale populations have 
recovered rapidly in abundance since the cessation of commercial whaling, with the IUCN listing 
this species as of ‘least concern’ (Reilly et al., 2008). Only the resident Arabian Sea population 
appears to now be suffering the effects of a small founder population, which includes reduced 
reproductive fitness from Allee effects, inbreeding and genetic drift (Mikhalev, 1997, Clapham and 
Mead, 1999, Pomilla et al., 2014). Threats to this population from demographic and environmental 
stochasticity are unlikely to be buffered through immigration, as there is reportedly low genetic 
exchange between humpback whale populations (Mackintosh, 1942, Dawbin, 1966, Garrigue et al., 
2002, Garrigue et al., 2004, Olavarria et al., 2007, Jackson et al., 2014). 
With the exception of the Arabian Sea population, all other humpback whale populations migrate 
annually between relatively discrete polar feeding waters and tropical breeding/calving areas 
(Kellogg, 1929, Mackintosh, 1946; Figure 1.4). The speed and timing of this migration varies 
between individuals as a function of their age and reproductive status (Chittleborough, 1965, Brown 
et al., 1995, Craig and Herman, 1997, Dawbin, 1997). Fist to migrate to the calving grounds, during 
late autumn, are females in late lactation along with their calves. Sexually immature animals, of 
both sexes, are the next to migrate. Mature males migrate in the highest density and typically arrive 
in breeding areas by the middle of winter. Finally, females in late pregnancy are the last to arrive. 
This sequence is reversed on the migration towards the feeding grounds, with newly pregnant 
females being the first to depart tropical waters in late winter/early spring. Males appear to spend 
more time in the migratory corridor, and on the breeding grounds, which contributes to an 
operational sex ratio (Clapham, 1996, Craig et al., 2003, Cartwright and Sullivan, 2009, Herman et 
al., 2011). However, this male-biased sex ratio could also be the result of some females not 
conducting annual migrations, potentially those in inter-birth years (Brown et al., 1995). Although 
whales have indeed been observed in high latitude waters during winter, there have yet to be any 
consistent trends in the demographic or life history characteristics of these animals (Straley, 1990, 
Clapham et al., 1993, Swingle et al., 1993). 
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Figure 1.4: Known (solid lines) and hypothesised migratory routes (dotted lines) between 
polar feeding waters and tropical calving grounds for southern hemisphere humpback whale 
populations. Illustration reproduced with permission from the International Whaling Commission 
(IWC., 2011).
Post-mortem observations of humpback whale gonads have confirmed that females are seasonally 
polyoestrus (Chittleborough, 1954, Robins, 1954) and that males display testicular regression, and 
azoospermic semen, on the feeding grounds (Engle, 1927, Matthews, 1937, Chittleborough, 
1955b). These findings have highlighted that humpback whales are true seasonal breeders. The 
breeding season is, however, both spatially and temporally protracted, with mating and calving 
likely occurring over a range of latitudes throughout both winter and spring (Chittleborough, 1958, 
Chittleborough, 1965). Ovulation rates, spermatogenesis and blubber testosterone levels (in males) 
have all independently been found to peak in winter (Chittleborough, 1954, Chittleborough, 1955b, 
Vu et al., 2015); however, paired analyses of hormone levels and measures of gonadal activity have 
yet to be performed for this species.
Copulation has not been observed for humpback whales but there has been widespread observation 
of presumed courting and breeding behaviour. During winter and spring, females are often pursued 
and guarded (‘escorted’) by males, which are presumably waiting for breeding opportunities or 
protecting a female from attempts by other males (Clapham, 1996, Craig et al., 2002). These 
interactions occasionally escalate into the formation of a ‘competitive group’, where multiple males 
engage in agonistic displays while in pursuit of a female (Tyack and Whitehead, 1983, Clapham et 
al., 1992, Félix and Novillo, 2015). Males will also sing long complex songs (Payne and McVay, 
1971) throughout the breeding season and sporadically on feeding grounds (Mattila et al., 1987, 
McSweeney et al., 1989). These whales are typically encountered alone or with a female-calf pair 
(Smith et al., 2008). The function of humpback whale songs is therefore believed to relate to intra-
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sexual dominance sorting, inter-sexual courtship displays, or a combination of the two (Pack et al., 
2009). While this behaviour shares some similarities with lekking, the rigid territoriality of this 
mating strategy is not observed in humpback whales (Parsons et al., 2008). Together with the 
dominance hierarchies formed by males and the apparent mate selection, or avoidance, displayed by 
both sexes (Craig et al., 2002, Pack et al., 2009, Craig et al., 2014, Dunlop, 2016), it widely 
believed that humpback whales follow a polygynous or promiscuous breeding system (Clapham, 
1996, Clapham and Palsbøll, 1997, Darling and Bérubé, 2001). 
The gestational period of humpback whales lasts between 10 – 12 months, with the vast majority of 
births occurring at low latitudes, during mid-winter (Chittleborough, 1958). As with other 
cetaceans, elevated blubber progesterone is a diagnostic feature of their pregnancies (Clark et al., 
2016, Pallin et al., 2018). The roles of other hormones, and their patterns of secretion, throughout 
the female reproductive cycle are unknown. Lactation ranges from 6 – 12 months (Chittleborough, 
1965), with weaning generally occurring when a female commences a migration to the calving 
grounds in the following year (Clapham and Mayo, 1987b, Baraff and Weinrich, 1993). The intense 
energetic costs of lactation have been suggested to limit successive reproductive bouts (Lockyer, 
1981, Craig et al., 2002), with an expected average interbirth interval of 2 – 3 years (Clapham and 
Mayo, 1990). However, a post-partum oestrus is possible (Chittleborough, 1958, Chittleborough, 
1965) and annual breeding has been confirmed, in several populations, for numerous individually 
identifiable females (Chittleborough, 1958, Weinrich et al., 1993, Pallin et al., 2018). Given the 
intense energetic demands of female reproduction, the observed inter-annual variability in 
pregnancy rates (Clark et al., 2016, Pallin et al., 2018) could relate to resource availability and 
female body condition. 
Humpback whales are vulnerable to several existing anthropogenic threats and the potential impacts 
of a changing global climate, due to their occupation of polar environments, possession of K-
selected life history traits and their reliance on environmental cues for feeding and breeding 
(Jenssen, 2006, Burek et al., 2008, Boyd and Hanson, 2009, Bengtson Nash et al., 2018). To 
identify potential sub-lethal threats and produce targeted conservation strategies, population 
assessments need to include health, demographic and reproductive parameters. The development of 
non-lethal methods to monitor health and reproduction in humpback whales, and other baleen whale 
species, has therefore been highlighted as a priority area of research (IWC, 2001). Both Australian 
humpback whale populations possess several characteristics that make them suitable for this 
research. Firstly, they are at high abundances (Noad et al., 2011, Salgado Kent et al., 2012), which 
increases potential sample sizes. Secondly, both populations have relatively well-defined 
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distributions within coastal waters, meaning that they can be reliably encountered. Thirdly, their 
behaviour has been well studied (Kavanagh, 2014, Dunlop, 2016, Dunlop and Noad, 2016, 
Kavanagh et al., 2017), which can assist during sampling and with the interpretation of 
physiological results. Finally, a small number of carcasses are encountered each year 
(Holyoake et al., 2012, Meager et al., 2012, Meager, 2016), where there is the opportunity to 
validate physiological measures against objective criteria of the animal’s sex, maturity status, health 
and reproductive state. 
1.6 Thesis outline 
The focus of this thesis was to develop and validate two non-lethal hormone-monitoring methods 
for assessing the reproductive state and adrenal condition of cetaceans. This thesis consists of seven 
chapters: an introduction to key concepts and the study species, five data chapters, and a general 
discussion. The first data chapter (Chapter 2) focuses on using blow and blubber hormone 
monitoring methods in a controlled environment (i.e. captive bottlenose dolphins) in order to assess 
any sampling-related issues, and to examine the performance of these methods under ‘ideal’ 
conditions. In Chapter 3, these methods are then trialled on humpback whales in order to evaluate 
their performance in a natural, uncontrolled environment. The subsequent data chapters (4 – 6) then 
focus exclusively on blubber hormone monitoring in wild cetaceans. Chapter 4 investigates whether 
variation in the collection and treatment of blubber samples can have a measurable impact on 
steroid hormone levels. Following this, Chapter 5 concentrates on the use of blubber cortisol as a 
measure of humpback whale adrenal cortical function. In Chapter 6, potential links between the 
endocrine status of humpback whales and their behaviour, during the breeding season, are 
examined. Finally, in Chapter 7, the major findings of this research are discussed and placed into 
context with our current understanding of cetacean endocrinology, reproduction, health and 
behaviour. At the conclusion of this thesis, I discuss the direction of future research and outline how 
these methods could be used to improve the management of cetacean populations. 
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2.1 Abstract 
Recent endocrine studies on wild cetaceans have often used blubber, faeces and respiratory vapour 
(‘blow’), as they can be obtained using minimally invasive methods. For many species, these 
samples have yet to be validated for these purposes. The objective of this study was to examine the 
performance of blow and blubber hormone monitoring, relative to serum hormone monitoring, for 
evaluating the reproductive and adrenal condition of captive bottlenose dolphins (Tursiops spp.). 
Eighteen bottlenose dolphins were sampled five times for serum and blow and twice for blubber 
throughout a one-year period. Concentrations of progesterone, testosterone, oestradiol and cortisol 
were then measured in each of these samples using enzyme-immunoassays. Hormone levels were 
examined in relation to dolphin age, sex, reproductive status, season, time of sample collection 
(morning/afternoon) and collection type (in- or out-of-water sampling). Patterns in hormone levels 
were similar for serum and blubber. For instance, in both samples, progesterone levels were 
significantly higher (p < 0.001, 0.022 respectively) in pregnant than in non-pregnant females. This 
pattern was not detected in blow, most likely because seawater contamination, nylon sampling 
materials, variable sample volumes and respiratory water dilution also influenced measured 
hormone concentrations. Two methods were trialled to control for variability in sample volumes 
and dilution: (1) normalising blow hormone concentrations relative to urea nitrogen levels (a 
potential endogenous standard), and (2) measuring the relative proportions (i.e. ratios) of blow 
hormones. Both methods failed to improve relationships between blow and serum hormones. Blow 
hormone monitoring methods therefore require further development before they can be used for 
reproductive or adrenal assessments of wild bottlenose dolphins. Blubber, on the other hand, should 
be a suitable proxy for serum when attempting to classify pregnancy status and male age class in 
this species. 
Key words: Cetacean, blow, blubber, hormone analysis, validation
2.2 Introduction 
Cetacean physiology has generally been studied post-mortem (Chittleborough, 1954; Kellar et al., 
2013b) or by examining captive animals (Sawyer-Steffan et al., 1983; Yuen et al., 2009). 
Considerably less physiological research has been conducted on free-swimming cetaceans due to 
the difficulty of locating, capturing and blood sampling most species (reviewed in: Amaral, 2010; 
Hunt et al., 2013). Several alternatives to the use of blood have been developed over the last thirty 
years. Among these, the most frequently employed methods are remote tissue biopsying, the 
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collection of faeces and, more recently, the sampling of respiratory vapour (‘blow’). A key benefit 
of these sampling techniques is that they pose minimal animal welfare concerns and cause minimal 
disruption to the behaviour of animals (reviewed in: Amaral, 2010; Hunt et al., 2013). 
Remote tissue-biopsying is the most widely used technique for collection biological samples from 
wild cetaceans but is typically limited to adults because of the wounds caused by darting. One of the 
advantages of this method is that both skin and blubber can be collected simultaneously. The 
collection of multiple tissues increases the potential number of analyses (e.g. skin for genetics, 
blubber for toxicology) that can be performed and the scope of information that can be obtained 
from an animal. As blubber accumulates and retains lipophillic molecules, such as steroids, it has 
often been used for studying the endocrinology of wild cetaceans (Mansour et al., 2002; Trana et 
al., 2016; Vu et al., 2015). The major outcome of these studies is that an elevated blubber 
progesterone (P4) level appears diagnostic of pregnancy in all species studied to date (Clark et al., 
2016; Kellar et al., 2013a; Kellar et al., 2014; Kellar et al., 2013b; Kellar et al., 2006; Mansour et 
al., 2002; Trego et al., 2013), including common bottlenose dolphins (Tursiops truncatus; Kellar et 
al., 2017; Pérez et al., 2011). Blubber cortisol (F) has also been validated as a measure of chronic 
stress in short-beaked common dolphins (Delphinus delphis; Kellar et al., 2015), belugas 
(Delphinapterus leucas; Trana et al., 2016) and bottlenose dolphins (Champagne et al., 2017), by 
sampling animals after a natural or pharmacologically induced adrenal stress event. Fewer studies 
have focused on links between blubber hormone levels and male reproductive processes. However, 
blubber testosterone (T) appears to be a marker of male sexual maturation and reproductive 
seasonality in short-beaked common dolphins (Kellar et al., 2009) and humpback whales 
(Megaptera novaeangliae; Vu et al., 2015). Whether oestrous cycles or subtle changes in adrenal 
activity, such as seasonal patterns of glucocorticoid secretion, can be detected using blubber 
hormone measurements remains unknown.
Reproduction and adrenal stress has also been evaluated in several cetacean species by measuring 
steroid hormone levels in blow (Burgess et al., 2017; Richard et al., 2017; Thompson et al., 2014; 
Tizzi et al., 2010). Obtaining accurate blow hormone measurements has proved difficult, however, 
due to variability in respiratory water dilution and interference caused by nylon sampling materials 
and seawater contaminants (Burgess et al., 2016; Hunt et al., 2014). Human breath studies have also 
suffered from variable respiratory water dilution and attempts to compensate for this using 
endogenous standards, such as urea nitrogen (UN), have failed (reviewed in: Effros, 2010). UN 
levels have also been trialled as a marker for blow sample dilution in two cetacean species, with 
successful outcomes for north Atlantic right whales (Eubalaena glacialis; Burgess et al., 2017) but 
not for belugas (Thompson et al., 2014). Examining blow hormone ratios, rather than absolute 
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levels, has been proposed as an alternative way to control for variable dilution with respiratory 
water (Hunt et al., 2014). Hormone ratios have proved effective for reproductive studies in humans 
(reviewed in: Sollberger and Ehlert, 2016) and some wild vertebrates (Hogan et al., 2013; Velloso 
et al., 1998). However, blow hormone ratios have yet to be trialled as potential indicators of a 
cetacean’s reproductive state or adrenal condition. 
Few attempts have been made to compare blow or blubber hormone levels to those in serum, or to 
information on the reproductive state or adrenal condition of live cetaceans. Further, most cetacean 
blow hormone studies have used collection techniques, and control measures, that are not 
practicable in a wild setting. The motivation for this study was to evaluate the efficacy of blow 
hormone monitoring when samples are collected in a manner that reflects wild sampling conditions 
(e.g. single exhalation, no cleaning of a blowhole prior to collection). A primary objective of this 
study was to therefore compare blow, serum and blubber hormone levels under these types of 
sampling conditions, using captive bottlenose dolphins as a model species. The specific aims of the 
study were (1) to determine whether patterns in blow and blubber steroid hormone (P4, T, 
oestradiol [E2], F) measures are similar to those in serum, (2) evaluate if and how blow and blubber 
hormone levels vary in relation to biological, environmental and sampling-related factors, and 
(3) trial and evaluate the performance of blow hormone ratio values, and UN normalised blow 
hormone levels as alternative measures to absolute blow hormone levels.
2.3 Materials and methods 
2.3.1 Study animals 
Sampling occurred between June 2015 and August 2016 at SeaWorld Australia on the Gold Coast, 
Queensland (QLD). Samples were collected from eleven female and seven male bottlenose dolphins 
(T. truncatus, T. aduncus and hybrids), using both in- and out-of-water procedures (during periodic 
medical examinations; Table 2.1). Both adult and juvenile dolphins were sampled. Hormonal 
contraceptives were orally administered to six adult females from the start of the study until mid-
December 2015 (Altrenogest 0.044 mg/kg body mass; Table 2.1). 
All dolphins were housed in sand-bottom outdoor enclosures filled with natural seawater 
(18 – 26°C), which ranged in size from 1500 – 8000 m3. Dolphins were maintained in small social 
groups consisting of either two males or one to four adult females. Group composition was 
occasionally altered (independent of this study) for social enrichment, training and breeding 
purposes, with only one adult male allowed access to females at any time. The activity demands for 
each animal varied daily and seasonally due to changes in performance and interaction schedules.
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Table 2.1: Demographics, sex and species of study animals and their corresponding sampling schedule. 
ID Species 
Month-year 
Jun-15 Aug-15 Dec-15 Feb-16 Mar-16 May-16 Aug-16 
Adult females 
TTF1 - a, d+UN a, d+UN a, d +UN - - - 
TTF2 - a, d*^ a^UN a, b, d *UN - aUN a, b, d* 
TTF3 - - a, d+ a, d +UN - a, d+UN a, d+ 
TTF4 - a, d*^UN a^UN a UN a, b, d* aUN a, b, d* 
TTF5 - a, d*^UN a^ a, b, d* - a a, b, d* 
TTF7 - a, d*^UN a^ a, b, d*UN - aUN a, b, d*+ 
TXF1 - a, d*^ a^UN a, d*UN - a, d+UN a, b, d*+ 
TXF2 
Tursiops truncatus 
T. truncatus
T. truncatus
T. truncatus
T. truncatus
T. truncatus
T. truncatus x aduncus
T. truncatus x aduncus - a, d *^UN a^ a UN a, b, d* aUN a, b, d* 
Juvenile females 
TAF1 T. aduncus - a* - - - - - 
TAF2 T. aduncus - a* - - - - - 
TTF6 T. truncatus - a, d*UN a UN a, b, d*UN - a a, b* 
Adult males 
TTM1 T. truncatus a a, c a, c* a, c UN a, c UN a, b* 
TTM2 T. truncatus - a, c UN a, c UN a, c UN - a, c UN a, b* 
TTM3 T. truncatus - a, c a, UN a, c UN - a, c UN a 
TTM4 T. truncatus - a, c a, c a, b, c*UN - a, c UN a, b* 
TTM5 T. truncatus - a, c a, c UN a, cUN - - - 
Juvenile males 
TAM1 T. aduncus - - - a* - - a, b* 
TAM2 T. aduncus - - - a* - - a, b* 
a: serum and blow collected; b: blubber collected; c: semen collected; d: ovarian and/or uterine ultrasound performed. 
+ pregnant during sampling. * out-of-water sampling. ^ receiving Altrenogest at time of sampling. UN blow sample included in urea nitrogen trial.
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2.3.2 Blood collection 
In-water (IW) blood samples were collected from dolphins that were positioned in dorsal 
recumbency with their flukes voluntarily resting on the pool edge or trainer’s lap. Out-of-water 
(OOW) sampling occurred with the animal manually restrained on a floating platform—completely 
out of the water—for a maximum of 15 min. Blood was collected via caudal venipuncture using a 
23-gauge butterfly needle and extension set. The venipuncture site was cleaned before inserting the 
needle by swabbing with a solution of chlorhexidine in methylated spirits (0.5% w/v in 70% w/v 
alcohol solution). Blood was drawn into a 10 mL syringe and transferred into 4 mL serum clot 
activator Vacuette® tubes (Greiner Bio-One). Samples were left to clot at room temperature for a 
minimum of 30 min and then centrifuged for 10 min at 3000 ×g. The serum was then aspirated and 
transferred into 2 mL cryovials (Nunc™, Australia) and stored at -20°C until analysis.
2.3.3 Blow sample collection and steroid hormone extraction 
Blow samples were collected, and steroid hormones extracted, according to previous protocols 
(Hogg et al., 2005; Hunt et al., 2014) with modifications to the collection device and the 
preservation method. Samples were collected into an inverted 250 mL polystyrene sample container 
(LS10065-UL, ProSciTech, Australia) filled with a 30-cm2 piece of nylon tulle (100% Nylon, 
Wholesale Wedding Supplies, Australia). The nylon tulle had been sanitised by two rounds of 
alternate rinsing and drying with distilled water and absolute ethanol (> 99%, Merck Millipore, 
Australia). A further 10-cm2 piece of sanitised nylon tulle was secured, using parafilm®, as a barrier 
to the opening of the container. 
Blow samples were collected within 3 min of blood collection during each sampling bout. During 
IW sampling, blow samples were collected via operant conditioning, with a two-finger tap around 
the blowhole used to cue an exhalation. OOW samples were captured opportunistically from the 
animal while restrained. Subjective notes were recorded for each blow sample, such as the strength 
of the exhalation, the colour of the sample and whether any droplets were visible. The mass or 
volume of a sample was not directly measured. After an exhalation, both pieces of nylon tulle were 
forced to the bottom of the container and submerged in 15 mL of absolute ethanol. The container 
cap was then replaced, sealed with parafilm® and shaken for 1 min. Samples were placed on ice in 
a cooler (1 – 2 hours) and transferred to -20°C at the end of the day. 
Following overnight storage, ethanol-preserved blow samples were decanted into 50 mL conical 
tubes (BD Falcon, Australia). The nylon tulle was then centrifuged at 3000 ×g for 5 min and the 
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extracted fluid added to the original sample. Samples were dried under compressed air at 37°C 
(Ratek DBH10). The drying process left an organic residue at the bottom of the tube, which was 
reconstituted in 1.5 mL of assay buffer (NaH2PO4 [5.42 g], Na2HPO4 [8.66 g], NaCl [8.70 g], BSA 
[1.00 g], ProClin 150 [1 mL], H2O Mili-Q [1000 mL], pH [7.0]). Each tube was then vortexed at 
high speed for 1 min to ensure even mixing and then centrifuged for 1 min at 3000 ×g. Samples 
were then aliquoted into 1.5 mL centrifuge tubes (Thermo Scientific, Australia) and stored at -80°C 
until analysis. 
2.3.4 Blubber sample collection and steroid hormone extraction 
Tissue biopsies (n = 19) were collected from twelve dolphins (female: n = 7; male: n = 5) during 
OOW examinations in February, March and August 2016. Seven of these animals were sampled in 
both summer and winter, with the remaining five dolphins sampled in only one of these seasons 
(Table 2.1). Tissue samples were collected using 8 mm hand driven biopsy punches 
(Paramount Surgimed Ltd) introduced just caudal and ventral to the dorsal fin. These samples were 
placed into sterile specimen containers (70 mL, Sarstedt) and frozen at -20°C. 
Steroid hormones and their metabolites were isolated from blubber using an organic solvent 
extraction method modified from previous studies (Kellar et al., 2006; Trego et al., 2013). A small 
amount of blubber (0.075 ± 0.005 g), immediately adjacent to the skin, was dissected into small 
pieces (~2 mm3) and placed into 2 mL homogenisation tubes (Daintree Scientific, Australia). These 
tubes were filled with 1 g of 1 mm silica carbide beads (Daintree Scientific, Australia) and 1 mL of 
phosphate buffered saline (PBS; D8662, Sigma-Aldrich Ltd, Australia). Tissue samples were then 
mechanically homogenised for three 5-min cycles (Mini-Beadbeater-16, BioSpec), cooling on ice 
for 5 min between each cycle. The homogenate and beads were then decanted into 5 mL 
polypropylene tubes (LBS504N, ThermoFisher, Australia). A 1 mL volume of 100% 
ethanol:acetone (4:1) was then added to both the polypropylene and homogenisation tubes. 
Homogenisation tubes were then vortexed for 1 min at high speed to remove any remaining blubber 
residue. This mixture was aspirated and transferred into its corresponding polypropylene tube. All 
polypropylene tubes were then vortexed for 1 min at high speed and centrifuged for 1 min at  
3000 ×g. The liquid fraction (PBS:ethanol:acetone) was decanted into a new 5 mL tube and dried 
under compressed air at 37°C (Ratek DBH10D). After drying, 2 mL of diethyl ether (> 99%, 
Sigma-Aldrich) was added to each tube and the vortexing, centrifuging and drying steps were 
repeated. The resulting residue was resuspended in 1 mL of acetonitrile (> 99%, Sigma-Aldrich). 
Samples were then vortexed for 1 min and centrifuged for 1 min at 3000 ×g. A 1 mL volume of 
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hexane (> 99%, Sigma-Aldrich) was then added to each tube, and the vortexing step repeated. Each 
tube was then centrifuged for 5 min at 3000 ×g, with the top layer (hexane) then removed and 
discarded. A further 1 mL of hexane was added to each tube, and the samples vortexed and 
centrifuged as in previous steps. The hexane layer was again discarded and the final acetonitrile-
lipid mixture was dried under compressed air at 37°C. The final steroid hormone residue was 
reconstituted in 1 mL of assay buffer and vortexed on high for 1 min to ensure even mixing. 
Blubber hormone extracts were then stored at -80°C until analysis. 
2.3.5 Assessment of male dolphin reproductive status 
Semen was collected from adult males to investigate links between testicular activity and T levels. 
Five dolphins were sampled between August 2015 and May 2016, using established operant-
conditioning techniques (Keller, 1986). First, animals were instructed to roll over onto their dorsal 
surface near to the pool edge. The animal was then cued, with tactile stimulation, to extrude its 
penis from the genital groove. Once erect, a gloved hand (Nitrisoft, Nitrile examination glove) was 
used to grasp the penis and direct the ejaculate into a dry, and clean, large plastic jug. The ejaculate 
was then decanted into a sterile specimen container (70 mL, Sarstedt). 
Dolphin semen characteristics were examined using published methods for these species (Robeck 
and O'Brien, 2004; Yuen et al., 2009). Semen samples were subjectively assessed on a number of 
criteria: volume (mL), colour, turbidity, viscosity, contamination, pH, sperm total motility (%), 
sperm progressive motility (%), sperm ‘kinetic rating’ (0 – 5 scale; 0: no forward movement; 
5: fast progressively forward movement), concentration (million sperm per mL of semen) and 
percentage live/dead. Microscopic observations and counts were made using a light microscope 
(Olympus, Tokyo, Japan) with a pre-warmed stage. Sperm counts were conducted with a Neabauer 
haemocytometer using raw semen that had been diluted at 1:100 with 5% saline. Sperm motility 
was examined at ×400 magnification using raw semen that was diluted 1:1 (vol/vol) with 
pre-warmed porcine semen extender (Androstar® Plus, Minitube). Motility was assessed for one 
hundred sperm in three fields of view. Sperm were classified as ‘progressively motile’, ‘non-
progressively motile’ or ‘immotile’. Sperm total motility was calculated as progressively motile + 
non-progressively motile. A sperm motility index (SMI) was calculated as SMI = progressively 
motile × kinetic rating (Robeck and O'Brien, 2004). Equal volumes (10 µL) of raw semen and 
eosin-nigrosin stain (Sigma Aldrich Ltd) were then combined to create smears on microscope 
slides. Slides were air-dried and examined at ×1000 magnification. Two hundred cells were 
Chapter 2: Evaluation of respiratory vapour and blubber sampling for endocrine assessment 
of bottlenose dolphins (Tursiops spp.) 
33 
differentiated based on stain uptake by the sperm head; those with unstained sperm heads (i.e. an 
intact apical membrane) were considered to be live cells. 
2.3.6 Assessment of female dolphin reproductive status 
Females were classified as either juvenile, ‘Altrenogest’, anoestrus, ‘cycling’ or pregnant for each 
sampling round. Classifications were made using physiological, morphometric and behavioural 
measures. The animal husbandry staff recorded any observations of socio-sexual interactions 
(e.g. mating), abnormal behaviours (e.g. regurgitating food) or other displays that could indicate 
oestrous activity (e.g. mounting, beak to genital contact, ventral surface rubbing, poor 
responsiveness to instruction) as described elsewhere (Muraco and Kuczaj, 2015; Robeck et al., 
2005). Females were classified as oestrous cycling in two scenarios: (1) oestrous behaviours had 
been observed in the three weeks before sampling and the individual showed increased serum P4 
levels, or (2) the individual showed increased serum E2 levels and oestrous behaviours were 
observed within three weeks after sampling. This resulted in a forty-two day window, which is 
slightly longer than the reported cycle lengths for these species (Brook, 1997; Robeck et al., 2005). 
A few opportunistic attempts were also made to visualise ovarian structures during OOW sampling 
(as per: Brook, 2001; Robeck et al., 2005). Ultrasounds were conducted using a real-time B-mode 
ultrasound (Logiq book XP, GE Healthcare) with a 2.0 MHz transducer (wide footprint convex 
linear probe). The ovaries were located by placing the transducer perpendicular to the flank, at the 
level of the genital slit, and moving dorsally or cranially. Uterine ultrasounds were also used to 
diagnose pregnancies, track foetal development and predict parturition (as per: Lacave et al., 2004). 
All non-pregnant adult females that were not receiving Altrenogest and that did not meet the 
criteria for cycling were classified as anoestrus. 
2.3.7 Analysis of biological samples 
Blow and blubber hormone extracts and serum samples were analysed for steroid hormone levels 
using enzyme-immunoassays (EIAs) that have been validated for these species (O'Brien and 
Robeck, 2012; Steinman et al., 2016) and described elsewhere (Munro and Stabenfeldt, 1984; 
Munro and Lasley, 1988; Munro et al., 1991). The antibodies used in these EIAs (CL425 [P4], 
R156/7 [T], R9472 [E2], R4866 [F], Coralie Munro, UC Davis) are known to cross-react with 
several other hormone metabolites (see: Young et al., 2004a, Thompson et al., 2012, Knott et al., 
2013) that may be present in each sample. Therefore, unless otherwise specified, a reference to 
‘steroid’ or ‘hormone’ levels relates to the concentration of a parent hormone and its metabolites. 
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The EIAs were performed as previously described with minor modifications; specifically, microtitre 
plates were pre-coated with goat anti-mouse IgG (A008-25MG, Arbor Assays, USA) for P4 assays 
and goat anti-rabbit IgG (A009-25MG, Arbor Assays, USA) for T, E2 and F assays. The only other 
modification was a change in antibody and horseradish peroxidase conjugate dilutions. Antibody 
dilutions were 1:80 000 (F), 1:80 000 (P4), 1:120 000 (T) and 1:185 000 (E2). The horseradish 
peroxidase conjugate was diluted at 1:120 000 (F), 1:400 000 (P4), 1:400 000 (T) and 1:320 000 
(E2). EIAs were evaluated for colour development using a Biotek Reader ELx808 
(Gen5™ software (Biotek, USA) with read and reference wavelengths of 405 nm and 540 nm 
[P4, T] or 630 nm [E2, F]). 
Parallel displacement of serial dilutions of pooled serum, and blow extracts, relative to the standard 
curves, was demonstrated (Appendix 1; F: R2 = [0.98, 0.99]; P4: R2 = [0.95, 0.99]; T: R2 = [0.99, 
0.97]; E2: R2 = [0.96, 0.99], respectively). Parallelism was also demonstrated for serial dilutions of 
blubber extracts relative to the P4 standard curve (R2 = 0.98); there were insufficient volumes of 
blubber extracts to conduct parallelism tests for the other assays. For all samples, parallelism 
occurred over a limited range (from neat to 1:8), indicating that hormone concentrations were low 
but within the reliable range of all four EIAs. Some samples, particularly if diluted, could therefore 
experience poor and inconsistent detection of immunoactive antigen (hormone). To account for this 
all samples were run ‘neat’. Samples with abnormally high concentrations were re-diluted until they 
fell into the working range of the assay. Inter-assay coefficients of variation (CVs) for high controls 
were 6.4% (F), 9.8% (P4), 7.8% (T) and 7.5% (E2). Inter-assay CVs for low controls were 18% (F), 
14% (P4), 16% (T) and 14% (E2). Individual sample results were accepted if intra-assay (duplicate 
well) CVs were < 10%. Blubber concentrations expressed as nanogram of hormone per gram of 
blubber (dry weight). 
UN was trialled as an endogenous marker for blow dilution for two reasons: (1) it is generally 
maintained within a relatively narrow concentration range in healthy mammals (Haschek et al., 
2009), and (2) it was likely to be present in blow at quantifiable levels due to the dolphins’ high 
protein diet. A random, stratified (by sex) selection of blow samples (n = 38) were selected for the 
UN trial (Table 2.1). The concentration of UN was measured in the selected blow samples using a 
commercial colorimetric detection kit (K024-H1, Arbor Assays®, USA). Normalised blow 
hormone levels were expressed as nanogram of hormone per milligram of UN in the sample 
(i.e. ng/mg [UN]). 
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2.3.8 Blow and blubber control experiments 
To test for ‘false’ signals from the blubber extraction process, control samples were prepared using 
homogenisation tubes containing no tissue. These samples were then extracted and analysed as if 
‘real’ blubber samples. For blow, on the other hand, there were several different control samples 
prepared. Firstly, to assess whether the collection dish or storage tubes influenced hormone 
measurements, empty specimen containers and conical tubes were filled with 15 mL of ethanol and 
then treated as if ‘real’ blow samples. Next, seawater contamination control samples were prepared 
by filling 50 mL conical tubes with 2 mL of seawater, eluting with 15 mL of ethanol and then 
analysing after the drying/reconstitution process (as per a normal blow sample). To identify whether 
the source of seawater had an influence on concentrations, duplicate samples were collected and 
analysed from two different sites: dolphin enclosures, and nearby coastal waters (Palm Beach, 
QLD, Australia). As part of this experiment it was also necessary to determine whether hormones 
could be detected in the raw seawater samples. Therefore, straight seawater samples were included 
in assays for each hormone. Finally, blow sampling kit controls were prepared to assess the 
combined effects of sampling materials, seawater contamination and the extraction process. Blow 
sampling kit controls were made using three different masses of the nylon tulle sampling material 
(low: 0.6 ± 0.05 g, medium: 1.2 ± 0.05 g, high: 2 ± 0.05 g). Each of these sampling kits was then 
also spiked with different volumes of seawater (either no seawater, 0.02 mL, 0.2 mL, or 2 mL), so 
as to identify the effect of different levels of contamination. The masses of nylon and volumes of 
seawater used were chosen to reflect both the sampling conditions/descriptions of previous studies 
(Hogg et al., 2009; Hunt et al., 2014) and the range of perceived contamination levels we observed 
in a pilot study on humpback whales. One or two replicate samples were produced for each possible 
nylon mass/seawater volume combination (n = 29). These control samples were extracted in 
ethanol, dried and reconstituted in assay buffer as per ‘real’ blow samples.
2.3.9 Statistical analyses 
Statistical analyses were undertaken using R version 3.4.0 (R Development Core Team [2017]) with 
significance determined at p-values < 0.05. Mean ± standard error (SE) values of all hormone 
measures (absolute concentrations, blow hormone ratio values and UN normalised blow hormone 
levels), were summarised for groups of interest (e.g. reproductive states).
Given that blow samples were dried and reconstituted in a constant volume of assay buffer, the 
initial sample volume would have had an influence on measured hormone concentrations. 
‘Collection type’ (i.e. IW or OOW sampling) and ‘exhalation strength’ (i.e. strong or weak) were 
identified as two possible factors that might influence sample volume. Upon inspection of the data, 
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strength, which far outweighed the variation seen within and between individuals over time. 
Permutational multivariate analysis of variance (PERMANOVA;Anderson, 2001) was used to 
determine whether these differences in blow hormones (model 1) and UN levels (model 2) were 
likely to be significant. The dissimilarity metric used for these analyses was the Euclidean distances 
between data points. As both models had an unbalanced design, type II tests were applied using the 
‘RVAideMemoire’ package (Hervé, 2017). Null distributions for the test-statistic were generated 
through permutation. The p-value for each model was calculated as the proportion of null 
distribution values that were greater than or equal to the original test-statistic value. An assumption 
of PERMANOVAs, which is particularly important for models with unbalanced designs, is that 
there is a similar degree of within-group multivariate dispersion. This was evaluated using the 
distance-based tests described by Anderson (2006) in the ‘vegan’ package (Oksanen et al., 2017).
Following this, generalised linear mixed models (GLMMs) were used to determine if hormone 
concentrations were influenced by biological and environmental factors, and whether these effects 
were consistent for each sample type (Table 2.2). ‘Individual subject’ was included in all models, as 
a random effect, to account for repeated sampling of dolphins. Each model also contained several 
fixed effects that had been selected a priori (Table 2.2). These predictors included ‘sample type’ 
(serum, blow and blubber), ‘collection type’ (IW or OOW sampling), ‘life history class’ (juvenile 
male, juvenile female, adult male and adult female), ‘season’ (winter or summer), ‘collection 
time’ (8:00 – 12:00 [morning] or 12:00 – 16:00 [afternoon]), ‘pregnancy status’ (pregnant or non-
pregnant adult female), ‘ovarian condition’ (oestrous cycling female or non-cycling adult female), 
‘male age class’ (juvenile or adult) and ‘sampling date’ (month-year). All GLMMs included 
interactions between ‘sample type’ and the other fixed effects in the model (Table 2.2). These 
interaction terms were used to assess whether patterns in hormone levels were consistent across 
samples. Each GLMM examined a separate set of data to test slightly different hypotheses; there 
was no ‘universal null hypothesis’ being tested across all models. For this reason, alpha values were 
not adjusted (see: Armstrong, 2014). All response variables were non-normally distributed and right-
skewed; GLMMs were therefore fitted with a Gamma distribution and a log-link function, using the 
‘lme4’ package (Bates et al., 2015). Evidence for multicollinearity between predictor variables was 
examined via inspection of the generalised variance inflation factor, using the ‘car’ package (Fox 
and Weisberg, 2011). Residual plots were examined for heterogeneity, autocorrelation and over-
dispersion. Coefficient estimates, standard errors, Wald z- or t-statistics and associated p-values 
were examined for model parameters (see: Appendix 3). Likelihood-ratio tests were used to examine 
if a predictor had a significant impact on the fit of a model. Tukey’s tests were then used, post-hoc, 
to conduct comparisons between each level of a predictor variable. 
36
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Table 2.2: Structure of statistical models for assessing relationships between hormones and biological, sampling and environmental variables. 
Model 
# 
Response 
Variable Fixed predictors 
Random 
predictors Samples used Type of analysis Notes 
1 P4, T, E2, F (multivariate) 
Collection type +  
exhalation strength - PERMANOVA 
• Exhalation strengths were ‘strong’
or ‘weak’ only. 
2 UN Collection type +  exhalation strength - 
Blow samples from 
all dolphins (n = 74) 
Random sub-set of 
blow samples 
(n = 38)
Permutational 
ANOVA 
3 P4 
Sample type +  
pregnancy status +  
(sample type x pregnancy status) 
Individual 
subject GLMM 
4 E2 
Sample type +  
ovarian condition +  
(sample type x ovarian condition) 
Individual 
subject GLMM 
• Non-oestrous cycling females
included pregnant females, anoestrus
females and those receiving 
Altrenogest. 
• Serum hormone levels were not
considered as they were used to help
classify ovarian condition. 
5 T 
Sample type +  
age class +  
(sample type x age class) 
Individual 
subject GLMM 
6 T 
Sample type +  
sampling date +  
(sample type x sampling date) 
Individual 
subject GLMM 
• Sampling dates were June 2015,
August 2015, December 2015,
February 2016, May 2016 and
August 2016 
7 F 
Sample type +  
collection type +  
life history class +  
season +  
collection time +  
(sample type x collection type) + 
(sample type x life history class) + 
(sample type x season) +  
(sample type x collection time) 
Individual 
subject 
 
Serum, blow and 
blubber from adult 
females (n = 96) 
Blow and blubber 
samples from adult 
females (n = 50) 
Serum, blow and 
blubber from all 
males (n = 60) 
Serum and blow 
samples from adult 
males (n = 48) 
Serum, blow and 
blubber from all 
dolphins (n = 165) 
GLMM 
• Season refers to winter (June,
August, May) or summer
(December, February, March).
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2.3.10 Ethics of experimentation 
The procedures used in this study were approved by the University of Queensland’s Animal Ethics 
Committee for Native/Exotic Wildlife and Marine Animals (approval number SVS/458/14), and 
were compliant with the requirements of the Animal Care and Protection Act 2001 (Queensland, 
Australia), and the current Australian code for the care and use of animals for scientific purposes 
(National Health and Medical Research Council [NHMRC], 2013) and the Australian code for the 
responsible conduct of research (NHMRC, 2007). All OOW sampling was conducted under direct 
supervision of the SeaWorld veterinarian. 
2.4 Results 
2.4.1 Control sample measurements and sampling effects 
A key objective of this study was to determine whether reproductive (P4, T and E2) and adrenal 
steroid hormones (F) could be accurately quantified in blow and blubber samples. To achieve this, it 
was necessary to identify other sampling-related variables that might influence hormone 
measurements in these samples. Each of the target hormones was quantifiable in extracted blow and 
blubber samples, and in serum. Hormones were also detected in ethanol extracted seawater samples 
and nylon sampling kits but not in blubber extraction controls, tube/container controls or raw 
seawater samples. The source of the seawater had little influence on measured concentrations 
(mean ± SE ng/mL [dolphin enclosures, coastal waters]; F: [0.50 ± 0.21, 0.37 ± 0.20]; 
P4: [0.10 ± 0.00, 0.09 ± 0.00]; T: [0.36 ± 0.14, 0.27 ± 0.12]; E2: [0.19 ± 0.03, 0.18 ± 0.04]). 
Conversely, the volume of seawater added to a blow control sample had a marked effect, with 
concentrations of all hormones increasing with seawater volume (Figure 2.1). A similar effect was 
found for nylon tulle, with concentrations of each hormone increasing with the mass of nylon 
material used (Figure 2.1). However, un-spiked (i.e. no seawater) ‘low mass’ and ‘medium mass’ 
control samples could not be accurately measured due to low hormone concentrations (i.e. values 
outside the linear ranges of all standard curves). Overall, F and T measurements were the most 
affected by seawater and nylon sampling materials (Figure 2.1). Sampling kits that had been treated 
with seawater and made with a ‘medium mass’ of nylon—the same as used in dolphin sampling— 
displayed a similar range of concentrations (F: 0.05 – 1.29 ng/mL; P4: 0.12 – 0.22 ng/mL; 
T: 0.03 – 1.34 ng/mL; E2: 0.07 – 0.48 ng/mL) to dolphin blow samples (F: 0.04 – 0.81 ng/mL; 
P4: 0.03 – 2.05 ng/mL; T: 0.05 – 1.43 ng/mL; E2: 0.04 – 3.03 ng/mL). 
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Although sample volume was also expected to have an influence on dolphin blow hormone levels, 
it was not directly tested due to all samples being eluted with ethanol immediately after collection 
(for hormone extraction). ‘Exhalation strength’was, however, used as a proxy for volume and was 
found to have a marked influence on the measured hormone content (F(1,71) = 3.27, p = 0.050) and, 
to a lesser extent, UN content of a sample (F(1,35) = 2.59 p = 0.10). In general, ‘strong’ exhalations 
were typically recorded during IW sampling and ‘weak’ exhalations observed during OOW 
sampling (Chi-square contingency test: χ² = 24.68, p < 0.001). Consequently, ‘collection type’ also 
had a significant influence on blow hormone (F(1,71) = 15.76, p < 0.001) and UN levels (F(1,35) = 3.44 
p = 0.050). Together, these factors led to large differences in concentration between ‘strong’ IW 
samples (F: 0.37 ± 0.03 ng/mL; P4: 0.34 ± 0.06 ng/mL; T: 0.41 ± 0.05 ng/mL; E2: 0.77 ± 0.11 ng/
mL; UN: 4.96 ± 1.14 mg/dL) and ‘weak’ OOW samples (F: 0.16 ± 0.02 ng/mL; P4: 0.11 ± 0.01 ng/
mL; T: 0.13 ± 0.02 ng/mL; E2: 0.21 ± 0.03 ng/mL; UN: 0.65 ± 0.47 mg/dL). 
Figure 2.1: Reproductive and adrenal steroid hormone levels (ng/mL) in blow sample 
collection and extraction controls. Hormone levels were measured in control sampling kits made 
of different masses of nylon tulle (‘low’: 0.6 ± 0.05 g; ‘medium’: 1.2 ± 0.05 g; ‘high’: 2 ± 0.05 g). 
Sampling kits treated with four possible additives: ethanol (for hormone extraction) only (a.), 
ethanol and 0.02 mL of seawater (b.), ethanol and 0.2 mL of seawater (c.), or ethanol and 2 mL of 
seawater (d.). Concentrations measured in each sampling kit were not statistically compared. 
Boxplot displays median value, with lower and upper hinges representing the interquartile range 
(25th and 75th percentiles, respectively). Whiskers represent the highest and lowest values within the 
1.5 × interquartile range. Values beyond this are plotted as individual points.  
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2.4.2 Patterns in reproductive hormones 
There were several groups of dolphins that displayed relatively similar patterns in hormone levels 
for serum, blow and blubber (Table 2.3). For instance, the characteristic feature of reproductively 
inactive females (juveniles [n =3], anoestrus [n = 5] or those receiving Altrenogest [n = 6]) was 
low P4 levels in each of these sample types (Table 2.3). In contrast, pregnant females possessed 
markedly higher P4 levels in each of these sample types (Table 2.3). The interaction between 
‘pregnancy status’ and ‘sample type’ did, however, have a significant impact on the fit of the 
model (χ²  = 67.47, p < 0.001), which indicated that pregnancy-related patterns in P4 levels 
differed between sample types. Individual post-hoc comparisons (Tukey’s tests) revealed 
significantly higher P4 levels in ‘pregnant’ compared with ‘non-pregnant’ females for serum 
(34.10 ± 8.64, 0.32 ± 0.09 ng/mL, respectively; z = 8.2, p < 0.001) and blubber (13.01 ± 0.72, 
1.17 ± 0.10 ng/g, respectively; z = 3.05, p = 0.022). The lowest pregnant P4 measurements in both 
of these sample types were greater than the highest measurements in non-pregnant females. Blow 
P4 levels, on the other hand, did not differ significantly as a result of pregnancy status (p = 0.61).
There were eight separate occasions where adult female dolphins were sampled during a confirmed 
or perceived oestrous cycle. For two females, follicles were visualised using ovarian ultrasounds, 
confirming that they were in the follicular phase at the time of sampling. On all other occasions, 
‘cycling’ was classified through behavioural observations (e.g. repeated rubbing of their ventral 
surface on solid surfaces) and changes in serum hormone levels. As anticipated, oestrous 
behaviours were only observed in the weeks following a rise in serum E2 (follicular phase) or the 
weeks prior to a rise in serum P4 (luteal phase). Given the subjective nature of these classifications, 
and the low sample sizes present, the ovarian condition of adult females was not classified beyond 
‘cycling’ or ‘not cycling’  (i.e. pregnant, anoestrus, Altrenogest). The interaction between ‘ovarian 
condition’ and ‘sample type’ failed to have a significant impact on the fit of the model (p = 0.46). 
Any relationship between E2 levels and ovarian condition was therefore similar for blow and 
blubber. After removing the interaction term from the model, only ‘sample type’ was found to have 
a significant impact on the model fit (χ² = 73.78, p < 0.001). This indicated that blow and blubber 
E2 levels did not differ significantly between oestrous cycling females and anoestrous, Altrenogest 
or pregnant females (Table 2.3). Changes to blow hormone levels throughout the oestrous cycle 
also differed from the changes that were observed for serum. For blow, E2 levels were found to be 
higher in periods after oestrous behaviours had been observed (i.e. presumed luteal phase; 
0.83 ± 0.41 ng/mL) rather than in the weeks prior to oestrous displays (i.e. presumed follicular 
phase; 0.54 ± 0.08 ng/mL). Patterns in blow P4 levels were less variable and related poorly to the 
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timing of oestrous behaviours (before displays: 0.20 ± 0.03 ng/mL; after displays: 0.22 ± 0.06 
ng/mL). Changes to blubber hormone levels throughout an oestrous cycle could not be determined, 
as all samples were collected in the weeks following an oestrus event (i.e. the luteal phase). 
Among males, adult dolphins were found to possess higher T levels than juveniles (Table 2.4). This 
pattern was detected in all sample types (Tukey’s tests: z = -7.53, p < 0.001 [serum], z = -3.47, 
p = 0.0059 [blow], z = -2.93, p = 0.035 [blubber]); though, the magnitude of this difference also 
varied markedly between each sample type (Table 2.4). As a result, the interaction between ‘sample 
type’ and ‘age class’ was found to have a significant impact on the fit of the model (χ² = 10.07, 
p = 0.0065). For adult males, there was also a significant interaction between ‘sample type’ and 
‘sampling date’ (χ² = 31.62, p < 0.001). Both serum and blow T concentrations increased between 
August 2015 (winter) and February 2016 (summer). However, in contrast to serum, blow T levels 
continued to increase until May of 2016 (Figure 2.2). The temporal changes to serum T levels and, 
to a lesser extent, blow T levels were consistent with those observed for semen characteristics 
(SMI and sperm concentration; Figure 2.2). SMI and sperm concentration were, however, markedly 
more variable between sampling dates, possibly due to the quality of ejaculates collected and 
variability in the social environment at different times (i.e. whether or not a male was exposed to 
females). 
Blow hormone ratio values and UN normalised hormone levels were highly variable within each 
sex, age class and reproductive group(Table 2.3 & 2.4). Both measures were unsuitable for 
discriminating between pregnant and non-pregnant females, and between adult and juvenile males
—the two most significant reproductive endocrine patterns observed in serum and blubber 
(Table 2.3 & 2.4).
Table 2.3: Mean ± SE of reproductive hormone levels in the serum, blow and blubber of female bottlenose dolphins in different reproductive 
states. The reproductive state of each female varied over the course of the study. 
Sample Hormone 
Female Reproductive State 
Juvenile 
(n = 3) 
Altrenogest 
(n = 6) 
Anoestrus 
(n = 5) 
Cycling 
(n = 4) 
Pregnant 
(n = 4) 
Serum
(n = 46) 
P4 (ng/mL) 0.09 ± 0.02 0.15 ± 0.03 0.11 ± 0.02 0.87 ± 0.23 34.10 ± 8.64 a
E2 (ng/mL) 0.16 ± 0.06 0.58 ± 0.21 0.94 ± 0.22 1.99 ± 0.58 0.23 ± 0.07 
Blow
(n = 46) 
P4 (ng/mL) 0.16 ± 0.02 0.16 ± 0.01 0.14 ± 0.03 0.21 ± 0.03 0.60 ± 0.20 
Normalised P4 
((ng/mg[UN]) 0.96 ± 0.87 0.63 ± 0.21 0.18 ± 0.04 0.42 ± 0.29 0.22 ± 0.06 
E2 (ng/mL) 0.47 ± 0.20 0.44 ± 0.15 0.55 ± 0.15 0.69 ± 0.15 0.67 ± 0.23 
Normalised E2 
((ng/mg[UN]) 1.73 ± 1.60 1.12 ± 0.36 0.89 ± 0.48 1.35 ± 0.93 0.39 ± 0.20 
P4:T ratio value 0.77 ± 0.27 1.49 ± 0.26 0.55 ± 0.09 4.07 ± 3.53 2.31 ± 0.81 
P4:E2 ratio value 0.51 ± 0.15 0.84 ± 0.25 0.47 ± 0.10 0.37 ± 0.05 1.05 ± 0.30 
E2:T ratio value 1.76 ± 0.51 2.50 ± 0.40 1.42 ± 0.21 19.07 ± 17.62 2.16 ± 0.51 
Blubber b
(n = 13) 
P4 (ng/g) 0.83 ± 0.11c - 1.27 ± 0.17 1.20 ± 0.06 13.01 ± 0.72 a
E2 (ng/g) 2.88 ± 1.36 c - 2.92 ± 0.46 5.04 ± 1.42 1.56 ± 0.78
a Pregnant females displayed significantly higher serum (Tukey’s: z = 8.2, p < 0.001) and blubber P4 levels than other females 
(Tukey’s: z = 3.05, p = 0.022). 
b Blubber was collected from 1 juvenile female (twice), 4 anoestrus females, 3 cycling females and 2 pregnant females;  
3 out 7 were sampled in different reproductive states over the study period. 
c Results from 1 juvenile female only (sampled twice). 
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Table 2.4: Mean ± SE of testosterone levels in the serum, blow and blubber of juvenile and adult male 
bottlenose dolphins. 
Sample Hormone Juvenile male (n = 2) Adult male (n = 5) 
Serum T (ng/mL) 0.65 ± 0.05 (n = 4) 10.71 ± 1.14 * (n = 24) 
Blow T (ng/mL) 0.11 ± 0.10 (n = 4) 0.33 ± 0.06 (n = 24) 
Normalised T (ng/mg[UN]) - 0.33 ± 0.07 (n = 14)
P4:T ratio value 3.68 ± 2.36 1.05 ± 0.17 
E2:T ratio value 7.13 ± 5.83 2.09 ± 0.36 
Blubber T (ng/g) 1.15 ± 0.06 (n = 2) 6.59 ± 0.84 *  (n = 4) 
* Significantly higher (p < 0.05) concentration than found in juvenile males.
Figure 2.2: Seasonal variation in testosterone levels (a: blow; b: serum), sperm motility (c.) 
and sperm concentration (d.) for adult male bottlenose dolphins. Semen was collected from 
four adult males between August 2015 and May 2016 only. Boxplot displays median value and 
interquartile range, with whiskers representing values within the 1.5 x interquartile range. Values 
beyond this range plotted as individual points. * Blow and serum testosterone levels were 
significantly higher (Tukey’s post-hoc tests, p < 0.05) than in months not marked with an asterisk. 
All months marked with an asterisk had statistically similar levels of testosterone.  
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2.4.3 Patterns in cortisol 
In this section, patterns in F levels were examined with respect to ‘collection type’ (a potential 
stressor), the season of sampling, the time of day (i.e. morning or afternoon) and the animal’s life 
history class. Interactions between these predictors and ‘sample type’ were also evaluated to 
determine whether patterns were consistent between serum, blow and blubber. Two of these 
interaction terms had a significant effect on the fit of the model: (1) ‘sample type’ x ‘sampling 
time’ (χ² = 8.27, p = 0.016), and (2) ‘sample type’ x ‘collection type’ (χ² = 91.66, p < 0.001). For 
serum, concentrations were significantly higher when samples were collected OOW (Tukey’s: 
z = 12.87, p < 0.001) when compared to those collected IW (Table 2.5). There was also a significant 
diurnal pattern (Tukey’s: z = 5.49, p < 0.001), with concentrations being higher in the morning than 
in the afternoon collection periods (Table 2.5). For instance, for dolphins that were sampled IW, 
mean F levels were around four times higher in the morning (7.12 ± 1.11 ng/mL) than in the 
afternoon (1.76 ± 0.23 ng/mL). In contrast, neither collection type nor the time of day had 
significant effects on F levels in blow or blubber. In the case of blubber, however, all samples were 
collected OOW and only four individuals were sampled in both a morning and afternoon collection 
period. 
The interaction between ‘sample type’ and ‘life history class’ approached statistical significance  
(p = 0.089), indicating that demographic trends in F levels might differ between serum, blow and 
blubber. However, this could not be fully evaluated given the low sample sizes and inherent biases 
in the sampling design. Specifically, all blubber and juvenile male samples were collected OOW. 
The only significant life history-related trend that was detected was lower F levels in juvenile males 
sampled OOW (serum: 25.32 ± 8.77 ng/mL; blow: 0.13 ± 0.02 ng/mL; blubber: 2.12 ± 0.20 ng/g; 
Tukey’s: z = -3.10, p  = 0.0098) when compared to adult males sampled OOW (serum: 
27.02 ± 9.64 ng/mL; blow: 0.26 ± 0.09 ng/mL; blubber: 2.74 ± 0.44 ng/g).
In addition to the ‘sample type’ and life history-related effects, there was a small, yet significant, 
seasonal influence on F levels in all sample types (Wald: t = -2.52, p = 0.012). Serum, blow and 
blubber F levels were slightly lower in winter (May, June, August) than in summer (December, 
February, March), primarily during OOW sampling periods (serum: 22.22 ± 3.67, 38.88 ± 4.62 ng/
mL; blow: 0.15 ± 0.05, 0.29 ± 0.02 ng/mL; blubber: 2.61 ± 0.21, 4.08 ± 0.43 ng/g, respectively). In 
contrast, when sampling was conducted IW, mean F levels were similar in both seasons (serum: 
5.20 ± 1.99, 5.22 ± 3.94 ng/mL; blow: 0.36 ± 0.04, 0.36 ± 0.04 ng/mL, respectively). 
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There were few relevant trends in blow F ratio values or UN normalised F levels. Blow F ratios  
were, however, greater than one in OOW samples and less than one for IW samples (Table 2.5). 
This indicated that there were higher proportions of F in blow samples, relative to other hormones, 
collected during OOW sampling—a pattern consistently seen for serum but not for absolute blow F 
levels. In contrast, when normalised against UN levels, mean blow F levels were similar for IW and 
OOW sampling. Other patterns that were observed for serum F levels, such as sex-related and 
diurnal trends, were not detected when blow hormones were normalised against UN levels or 
expressed relative to the concentration of other hormones (Table 2.5).
Table 2.5: Mean ± SE of serum and blow cortisol measurements in female and male bottlenose 
dolphins sampled voluntarily and after capture and restraint. 
Collection 
Type & 
Time 
Sex 
Serum Blow 
F (ng/mL) F (ng/mL) Normalised F (ng/mg [UN]) 
F:P4 
(ratio 
value) 
F:T 
(ratio 
value) 
F:E2 
(ratio 
value) 
In-water 
morning 
Female 4.33 ± 1.27 b 0.44 ± 0.07 0.16 ± 0.08 1.69 ± 0.46 1.14 ± 0.25 0.62 ± 0.15 
Male 8.58 ± 1.46 b 0.36 ± 0.04 0.32 ± 0.11 1.70 ± 0.20 1.78 ± 0.52 0.82 ± 0.17 
In-water 
afternoon 
Female 1.73 ± 0.25  0.32 ± 0.05 0.84 ± 0.51 1.51 ± 0.18 1.29 ± 0.22 0.86 ± 0.12 
Male 2.07 c 0.04 c - 0.15 c 0.28 c 0.13 c 
Out-of-water 
morning 
Female 39.53 ± 13.44 a, b 0.18 ± 0.11 - 1.37 ± 0.74 0.73 ± 0.35 0.52 ± 0.13
Male 27.11 ± 6.50 a, b 0.19 ± 0.05 1.08 c 1.67 ± 0.48 7.91 ± 6.36 1.50 ± 0.34 
Out-of-water 
afternoon 
Female 23.14 ± 4.02 a 0.19 ± 0.03 0.55 ± 0.13 2.21 ± 0.39 6.87 ± 5.54 1.19 ± 0.27 
Male 23.32 ± 19.41 a 0.15 ± 0.00 - 4.00 ± 0.34 1.82 ± 0.01 2.14 ± 0.55
a Serum concentrations significantly higher in OOW samples (Tukey’s: z = 12.87, p < 0.001). 
b Serum concentrations significantly higher in morning samples (Tukey’s: z = 5.49, p < 0.001) 
c n = 1. 
2.5 Discussion 
Blubber and blow hormone monitoring have emerged as potentially viable non-lethal techniques for 
assessing the physiological condition of wild cetaceans, but for many species they have yet to be 
validated for these purposes. Here, we examined whether blow and blubber samples could be used 
as substitutes for blood, when evaluating the reproductive and adrenal condition of bottlenose 
dolphins. Relatively high progesterone levels were detected in both of these samples when collected 
from pregnant females, as found previously (Kellar et al., 2017; Pérez et al., 2011; Tizzi et al., 
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2010). Other biologically important endocrine patterns, such as elevated testosterone in sexually 
mature males, were only detected in blubber. Blow hormone measurements were negatively 
affected by nylon sampling materials, seawater contamination and variability in sample volumes. 
Some of these issues have been reported previously (Burgess et al., 2016; Richard et al., 2017; 
Thompson et al., 2014). However, in these instances, they were not found to influence the 
interpretation of an animal’s reproductive or adrenal condition, at least to the extent found in this 
study. Expressing blow hormone levels relative to urea nitrogen (UN) concentration, or relative to 
the concentration of other hormones in the sample (i.e. ratio values), did not sufficiently resolve 
these issues. Blubber should therefore be considered the preferred option to blow when examining 
lipophilic hormones in future studies on wild bottlenose dolphins. 
Blubber progesterone concentrations differed markedly between juvenile and adult females, and 
pregnant and non-pregnant females, as found in serum. For blow, however, only small (non-
significant) pregnancy-related differences in progesterone were detected. This result differed 
slightly from a previous study on bottlenose dolphins where blow progesterone levels were 
considered to be diagnostic of pregnancy (Tizzi et al., 2010). Here, the detection of pregnancy-
related patterns in progesterone may have been hampered by a small sample size. On the other 
hand, blubber and serum progesterone levels differed significantly between pregnant and non-
pregnant dolphins. For blubber, these differences were equivalent to those found by Pérez et al., 
(2011), with non-pregnant female values that were similar to those reported by Kellar et al., (2017). 
Surprisingly, however, pregnant female concentrations were also six to twenty times lower than 
reported in both of these previous studies. The lower blubber progesterone levels observed here 
could be due to all pregnant females being biopsied in their first trimester. It is also likely that 
individual and population effects, our sampling of two pregnant T. truncatus x aduncus hybrids and 
the use of different extraction and assay techniques contributed to these differences. In particular, 
the use of PBS rather than more polar solvents (e.g. ethanol) during homogenisation could have 
resulted in poorer progesterone extraction efficiency, resulting in larger discrepancies for samples 
with higher concentrations (i.e. pregnant females). Nonetheless, our extraction and analysis 
procedures were suitable for detecting pregnancy-related differences in progesterone levels.
The oestradiol concentrations measured in the blow and blubber of oestrous cycling females did not 
differ significantly from the measurements obtained from other females. Interestingly, oestradiol 
levels in both sample types were highest in females sampled in the three weeks after a non-
conceptive oestrus event. This result was unexpected as each of these females was presumed to be 
in the luteal phase of an oestrous cycle, when progesterone should be the dominant reproductive 
hormone. Oestradiol could remain elevated during the luteal phase if hormone integration and 
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clearance occurred over several days or more. Recent studies have suggested that cortisol 
integration and clearance from bottlenose dolphin blubber may occur over several hours or possibly 
days (Champagne et al., 2017, 2018). Given the partition coefficients observed in other mammalian 
species (see: Pardridge and Mietus, 1979), it is possible that this timeframe is even longer for 
oestradiol. Yet, for blow, this timeframe seems unlikely, as many complex lipophilic molecules, 
including some steroid hormones, integrate into respiratory fluids within an hour after secretion into 
circulation (Pennington, 1981; Vichyanond et al., 1989). A priority for future research is therefore 
to clarify hormone integration and clearance rates into these tissues and fluids by repeatedly 
sampling dolphins following an exogenous hormone challenge. The use of other steroid hormones, 
such as cortisol and oestrone, as indicators of bottlenose dolphin oestrous cycles should also be 
explored in future blow and blubber hormone studies. 
Testosterone levels were significantly higher in adult males than in juvenile males for all sample 
types. At first glance, this suggests that both blow and blubber testosterone might be useful markers 
of sexual maturity in studies on wild bottlenose dolphins. However, age class-related differences in 
blow testosterone levels could also partially be a result of sampling-related factors, particularly 
‘collection type’. Juvenile males, for instance, were consistently sampled out-of-water and typically 
displayed ‘weak’ exhalations. Both of these characteristics are associated with lower measured 
concentrations of hormones. Other sampling-related effects, particularly variability in sample 
volumes and seawater contamination, likely influenced seasonal patterns in blow testosterone 
levels. Concentrations increased from the start of the study (in winter) up until February (in 
summer), which was consistent with patterns in serum testosterone, sperm motility and sperm 
concentration. However, in contrast to these measures, blow testosterone levels continued to 
increase until May. Delayed hormone expression is unlikely to account for such differences, given 
the presumed rapid diffusion of steroid hormones into respiratory fluids. Seasonal trends in blubber 
testosterone levels could not be examined in this study as only one male was sampled in more than 
one month. Further sampling of adult male dolphins is warranted to establish whether patterns in 
blubber testosterone levels reflect seasonal changes in testicular activity. 
Cortisol levels in bottlenose dolphins were influenced by both environmental variables and 
sampling-related stress. As anticipated, serum concentrations were significantly higher when 
samples were collected out-of-water using capture and restraint, an acute stressor, when compared 
to voluntary, in-water sampling. These differences were not detected when examining absolute 
blow cortisol levels. However, differences between in- and out-of-water sampling were apparent 
when later comparing blow hormone ratios. In addition to stress-related patterns in cortisol levels, 
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there were normal diurnal fluctuations in serum cortisol levels (i.e. a circadian rhythm) and a weak 
seasonal effect in all sample types. The slightly elevated levels of cortisol observed in summer is 
atypical for cetaceans, which usually lack seasonality in adrenal activity (Kellar et al., 2015; St 
Aubin et al., 1996) or display the highest cortisol levels during periods with the lowest water 
temperatures (Funasaka et al., 2011; Orlov et al., 1988; Suzuki et al., 2003). Given that cycling and 
mating behaviour was biased towards the summer period, it is possible that elevated cortisol levels 
during summer could, for some animals, be a response to the social and physiological stress of 
breeding. However, this fails to account for the seasonal differences observed in juvenile cortisol 
concentrations. In this study, seasonal changes in cortisol levels must therefore also be driven by 
other factors, such as the changing activity demands (e.g. performances, interactions), and perhaps 
health, of animals throughout the year.  
Given the inaccuracy of blow hormone measurements obtained here, in a captive setting, blow 
sampling is unlikely to be suitable for studying the endocrinology of wild bottlenose dolphins. 
Seawater contamination is a particular concern, with it diluting samples at the time of collection and 
interfering directly with the measurement of hormones (after ethanol extraction). Hormones present 
in raw seawater could potentially be detected after being amplified through the extraction process. 
However, this would only occur if the volume of seawater contamination exceeded the volume of 
assay buffer used to reconstitute the extracted sample residue (i.e. 1.5 mL), which is unlikely. The 
cause of this interference most likely relates to extracted seawater constituents either physically or 
chemically affecting antigen-antibody binding in the assay. Spiking serial dilutions of assay 
standards with extracted seawater could help clarify whether this is the case. The interference 
caused by nylon sampling materials is likely due to a similar effect (Burgess et al., 2016). In this 
case, however, interference can be easily eliminated with the use of alternative sampling materials, 
such as empty polystyrene dishes (Burgess et al., 2016). Another potential modification is to collect 
multiple exhalations (as per: Richard et al., 2017; Thompson et al., 2014) in order to increase the 
signal-to-noise ratio. However, this is difficult to replicate in studies on free-swimming cetaceans as 
animals often display avoidance behaviour after vessel-based sampling (Noren and Mocklin, 2012). 
Further, repeat sampling of wild animals is often restricted under permit/ethics conditions. The 
priorities for future blow hormone studies are to develop methods to reduce or quantify seawater 
contamination, and to trial different sampling materials, extraction techniques (e.g. a diethyl ether 
extraction; Richard et al., 2017) and analytical methods (e.g. chromatography-mass spectrometry; 
Hogg et al., 2009; Hogg et al., 2005). 
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The issues associated with measuring and monitoring blow hormone levels were not fully resolved 
by expressing concentrations relative to UN or as hormone ratios. UN could not be used as an 
endogenous marker for dilution because its concentration was also influenced by sample volume—a 
possible reason why it failed when trialled on belugas sampled both in- and out-of-water (see: 
Thompson et al., 2014). The successful use of UN as a marker for blow dilution in free-swimming 
north Atlantic right whales (Burgess et al., 2017) likely reflects the collection of more consistent 
sample volumes when sampling conditions remain constant. Quantifying sample volume should 
nonetheless be considered an essential step for all future blow hormone studies. Sample volumes, 
on the other hand, should not influence hormone ratio values. Despite this, however, hormone ratio 
values varied inconsistently between different reproductive states, age classes and sexes of 
dolphins. The poor performance of ratio values was likely due to each hormone measurement being 
affected by seawater and nylon sampling materials to a different extent. Examining blow hormone 
ratios and normalising concentrations relative to UN levels could therefore only be used to control 
for variable respiratory water dilution once issues of seawater and nylon interference are resolved. 
In this Chapter, we have demonstrated that reproductive and adrenal steroid hormone levels can be 
quantified in the blow and blubber of captive bottlenose dolphins. The benefits of blow sampling 
for endocrine studies on wild cetaceans (i.e. non-invasive collection) are, however, currently 
outweighed by the inaccuracy of blow hormone measurements. On the other hand, blubber hormone 
measurements have already proved to be an effective technique for identifying pregnancy and 
chronic adrenal stress in cetaceans. Here, we have also identified that this method could potentially 
be used to classify male maturity status. Further work remains to determine whether blubber is 
suitable for detecting certain temporally restricted endocrine events (i.e. lasting minutes to hours), 
such as acute stress and oestrus. A critical step in these studies is producing more accurate estimates 
for hormone integration and clearance times. Overall, this work will help clarify the potential 
applications and limitations of using blubber hormone measurements as indicators of cetacean 
physiological condition. 
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3.1 Abstract 
Respiratory vapour (‘blow’) has been successfully used as a sample matrix for reproductive and 
adrenal endocrine assessments of some captive cetacean species. Given that the accuracy of blow 
hormone measurements can be affected by seawater contamination, variable sample volumes and 
respiratory water dilution, it is a much more difficult technique to use for studies on wild cetaceans. 
In light of this, this study aimed to determine if blow sampling was a viable technique to measure 
reproductive and adrenal hormone levels in humpback whales (Megaptera novaeangliae). To 
achieve this, paired blow and blubber samples (n = 48) were collected from whales and 
concentrations of progesterone, testosterone, oestradiol and cortisol were measured and compared 
between sample types. Blow and blubber concentrations were also compared among sexes, age 
classes and across different times (seasons) in the migration to confirm that biologically relevant 
patterns in hormones levels had been detected. Blow testosterone levels were not significantly 
correlated with blubber testosterone levels and did not vary between sexes or migrations. For males, 
there was a significant age class effect (p = 0.0097), with testosterone levels being higher in adult 
than in juvenile males. Progesterone, oestradiol and cortisol levels, on the other hand, were 
significantly correlated in both samples (p = 0.0035, < 0.001, 0.0021, respectively). Yet, in contrast 
to blubber, blow progesterone and oestradiol levels differed little between males and females, and 
juveniles and adults. Despite this, one presumed pregnant female, with a markedly elevated blubber 
progesterone level of 9.97 ng/g, did display an elevated concentration of progesterone in her blow 
sample (0.94 ng/mL). In its current form, blow sampling appears unsuitable as a replacement for 
blubber when evaluating the endocrine status of humpback whales. 
Key words: Humpback whale, blow, blubber, hormone 
3.2 Introduction 
Hormones released into circulation enter and accumulate in a range of tissues and fluids. For 
endocrine studies, the most appropriate sample to use depends on the type of hormone or metabolite 
that needs to be quantified and the resolution/sensitivity of measurements required 
(Ganswindt et al., 2012). The type of samples that can be used for these studies is also contingent 
on the anatomical and ecological characteristics of the target species. Minimally invasive biological 
sampling methods are the preferred option when conducting studies on wild populations. Yet, for 
cetaceans, the most widely used sampling technique for endocrine studies has been remote 
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tissue biopsying (Hunt et al., 2013), which is slightly invasive as it causes a small wound on the 
animal. Faecal sampling is a commonly used non-invasive method for studying terrestrial species 
(Goymann, 2005; Schwarzenberger, 2007; Narayan, 2013) and has been successfully used in 
studies on a few cetaceans (Rolland et al., 2005; Hunt et al., 2006; Ayres et al., 2012). However, 
most cetacean species cannot be reliably sampled due to feeding and defecating in spatially and 
temporally unpredictable areas. This leaves respiratory vapour (‘blow’), which is also non-invasive, 
as a possibility for captive (Hogg et al., 2005; Tizzi et al., 2010; Richard et al., 2017) and wild 
cetaceans (Hogg et al., 2009; Acevedo-Whitehouse et al., 2010; Thompson et al., 2014; Burgess et 
al., 2017). 
Studies that have used cetacean blow to measure hormone levels have highlighted some major 
issues. For example, hormone concentrations will vary according to sample dilution from 
respiratory water, seawater contamination, sample volumes (which are uncontrolled) and because of 
interference from sampling materials (see: Chapter 2; Hunt et al., 2014; Burgess et al., 2016; 
Richard et al., 2017). Many of these sampling-related issues have been mitigated in studies on 
captive belugas (Delphinapterus leucas) by discarding the first exhalation after an animal surfaces, 
cleaning the blowhole prior to sampling, collecting multiple exhalations and by placing a protective 
barrier around the blowhole during sample collection (Thompson et al., 2014; Richard et al., 2017). 
Under these conditions, the reproductive and adrenal condition of individual animals has been 
evaluated using blow with moderate success (Thompson et al., 2014; Richard et al., 2017). As few 
of these sampling modifications are practical in the wild, there has so far been limited success 
(e.g. Burgess et al., 2017) with using blow to evaluate the physiological condition of free-
swimming cetaceans.  
For the majority of cetaceans, particularly the baleen whales, remote tissue biopsying is, so far, the 
most reliable way to assess the physiological condition of an animal (Hunt et al., 2013). For 
instance, pregnancy has been diagnosed using blubber progesterone (P4) measurements in a number 
of species, including humpback whales (Megaptera novaeangliae; Clark et al., 2016; Pallin et al., 
2018). Further, for male humpback whales, blubber testosterone (T) levels were found to vary 
seasonally (Vu et al., 2015) in a similar manner to testicular measures (Matthews, 1937; 
Chittleborough, 1955). However, as blubber accumulates hormones passively from peripheral 
circulation, there is expected to be a lag-time between blood and blubber concentrations. Estimates 
for this lag-time are in the range of several hours to days (Schwacke & Wells, 2015; Champagne et 
al., 2017; Champagne et al., 2018). Blubber hormone monitoring is therefore likely unsuitable for 
examining brief endocrine events in wild cetaceans, such as acute stress or oestrus. Blow hormone 
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levels, on the other hand, appear to change in a similar manner to blood, making it possible to detect 
these acute endocrine events (Tizzi et al., 2010; Thompson et al., 2014; Richard et al., 2017). 
Collecting and analysing blow hormone levels remains difficult, even under ideal sampling 
conditions (e.g. in captivity), due to several sampling-related effects (see: Chapter 2). Thus, it 
remains unclear as to whether this method is a viable technique to use for endocrine studies of free-
swimming cetaceans. Given the existing literature on blubber hormone levels in humpback whales, 
and their high seasonal abundance off the Australian coastline, the aims of this study were to 
(1) compare steroid hormone levels in paired blow and blubber samples from Australian humpback 
whales, and (2) examine whether patterns in blow and blubber hormone levels were similar when 
contrasted between whales of different age class, sex and between animals sampled at different 
times in the breeding season. 
3.3 Materials and methods 
3.3.1 Study animals 
Humpback whales (n = 48) from the east Australian population (Breeding stock ‘E1’) were 
sampled in 2014 and 2015. Samples were collected from whales during the northern migration 
towards the Great Barrier Reef calving grounds (in 2015 only) and during the southern migration 
towards the Antarctic feeding grounds (in 2014 and 2015). Sampling was conducted at two 
locations off the southeast Queensland (QLD) coastline, in Australia: (1) Sunshine Coast 
(~26˚ 23’ 33” S, 153˚ 08’ 52” E), and (2) North Stradbroke Island (~27˚ 20’ 43” S, 153˚ 33’ 23” E). 
Both adult and juvenile whales were sampled. Age class was determined using visual estimates of 
body length: whales longer than 12 m were considered adults, and those between 7 – 12 m in length 
were considered to be juveniles (Coughran and Gales, 2010). The sex of a whale was determined 
through the genetic analysis of skin biopsies (as per: Morin et al., 2005) performed by the Animal 
Genetics Lab, the University of Queensland. 
3.3.2 Paired blow and biopsy sample collection 
Humpback whales were encountered opportunistically on-water from a small research vessel. 
Groups of whales were then followed for a short duration, at a distance greater than 50 m, to 
monitor swim speed, dive times and travel direction, prior to sampling. Tissue biopsies were 
collected from humpback whales using a remote biopsy system as described elsewhere (PAXARMs 
New Zealand Ltd; Krützen et al., 2002). The protocol for blow sampling whales was adapted from 
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previous studies (Hogg et al., 2009; Hunt et al., 2014), with slight modifications in the collection 
device to increase sample volume, and preservation method to improve steroid extraction. Blow 
sampling kits were made by attaching a 30-cm2 piece of nylon tulle (100% Nylon, White 
12”X100YD, Wholesale Wedding Supplies, Australia) to the rim of a 10-inch-diameter 
polypropylene microwave plate cover (dline, Denmark), using an elastic band. The nylon mesh and 
the dish had been cleaned and sanitised by alternating rinses of absolute ethanol (>99%, Merck 
Millipore, Australia) and distilled water. Kits were stored in new, plastic zip-loc bags until sampling 
commenced. 
In 2014, paired biopsy and blow samples were collected from individual whales during different 
surfacing events separated by 5 – 20 min. First, a target animal was approached to within 10 – 25 m 
so that the sampler could launch a biopsy dart at the flank of the animal. The vessel then left the 
whale and retrieved the dart. Samples were removed from the cutting head of the biopsy dart, rinsed 
with distilled water, and stored on ice for 1 – 8 hours until the end of the day. The target animal was 
then re-approached in order to collect a blow sample. The zip-loc bag was removed from the blow 
sampling kit and the dish was attached, using garden hose connectors and hose clamps, to the end of 
a 6-m carbon-fibre pole. When the target animal surfaced, the vessel was manoeuvred alongside the 
whale (5 – 10 m) and the sampling kit positioned into the plume of exhaled blow. After collection, 
the sampling kit was brought on-board the vessel and the nylon tulle removed from the collection 
dish using gloves and placed into a 50 mL polypropylene conical tube (BD Falcon, Australia). 
Three sampling kits contained a large number of ‘pure blow’ droplets (0.6 – 3.5 mL), which were 
aspirated directly into 2 mL micro-tubes (Sarstedt, Germany) using a plastic pipette. A subjective 
assessment of sample quality (‘high’ or ‘low’) was made for each sample based on the strength of 
the exhalation, the position of the sampling kit relative to the respiratory plume and the perceived 
presence/absence of seawater contamination. All blow samples were stored on ice for 1 – 8 hours 
until the end of the day. 
In 2015 our methods were modified so that blow and biopsies could be collected without leaving 
the animal in-between samples. Firstly, the biopsy sampler would launch a dart during a whale’s 
initial surfacing after a dive from at least 20 m away to minimise behavioural disturbance. The 
vessel would then wait for the animal to dive before retrieving the dart. Following retrieval, the 
vessel was then manoeuvred ahead of the whale’s last position to the predicted area of the next 
surfacing (based on estimated swim speed, heading and dive times). A blow sample was then 
collected from the target animal during the next breath of its surface-interval. 
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At the end of each day, a seawater sample was collected in a 5 mL polystyrene vial (LBSSP2002, 
Thermofisher, Australia) to act as a blank control for blow sampling. Seawater samples, biopsy 
samples and micro-tubes containing pure blow droplets were then transferred into -20°C for the 
remainder of the field season (3 – 6 weeks duration). The 50 mL conical tubes containing nylon 
tulle samples were partially filled with 15 mL of absolute ethanol, shaken for 1 min and then frozen 
at -20°C. At the end of the field season, all samples were transferred to -80°C for storage. 
3.3.3 Steroid hormone extraction 
The nylon material and ethanol fractions of blow samples were separated after storage. The blow 
hormone-ethanol solution was left in the original tube, while the nylon tulle was transferred into an 
empty 50 mL conical tube. Nylon tulle samples were then centrifuged for 5 min at 3000 ×g to 
separate all remaining fluid. The tulle was prevented from settling on the bottom of the tube by 
placing it above an additional piece of nylon tulle that was secured in place with the screw-down 
cap. Extracted fluid was then aspirated with a pipette, and recombined with the solution in the 
original conical tube. The final solution was then dried under compressed air at 37°C (Ratek 
DBH10D), and the resulting residue reconstituted in 1.5 mL of assay buffer (NaH2PO4 [5.42 g], 
Na2HPO4 [8.66 g], NaCl [8.70 g], BSA [1.00 g], ProClin 150 [1 mL], H2O Mili-Q [1000 mL], pH 
[7.0]). All samples were then vortexed at high speed for 1 min to ensure even mixing. Blow 
hormone extracts were stored at -80°C until analysis. 
Steroid hormones were isolated from blubber samples (0.1 ± 0.005 g) using the organic solvent 
extraction method described previously (see: Chapter 2). The extracted steroid hormone residue 
was reconstituted in 0.5 mL of assay buffer and frozen at -80°C until analysis. 
3.3.4 Hormone analysis 
Seawater samples, pure blow samples, undiluted blow steroid hormone extracts and undiluted 
blubber steroid hormone extracts were analysed for P4, T, oestradiol (E2) and cortisol (F) using the 
EIAs described previously (see: Chapter 2). References to measured ‘steroids’ or ‘hormones’, in 
this study, represents both a parent hormone and its metabolites, as both are known to cross-react 
with the antibodies used in these assays (CL425 [P4], R156/7 [T], R9472 [E2], R4866 [F], Coralie 
Munro, UC Davis, see: Young et al., 2004, Thompson et al., 2012, Knott et al., 2013). Parallel 
displacement of serially diluted blubber and blow hormone extracts, relative to the standard curves, 
was demonstrated for all hormones (Appendix 1; P4: R2 = [0.96, 0.97] T: R2 = [0.97, 0.98]  
E2: R2 = [0.97, 0.92] F: R2 = [0.98, 0.93], respectively). For both samples, parallelism occurred 
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over a restricted range (from neat to 1:8), indicating that hormone concentrations were low and 
should be analysed ‘neat’ for each assay. Individual results were accepted if the intra-assay 
(duplicate well) coefficient of variation (CV) was < 10%. Inter-assay CVs for high and low 
concentration control samples (P4: [6.8%, 17%], T: [9.6%, 16%]; E2: [7.2%, 15%]; F: [9.3%, 17%], 
respectively) were monitored to ensure that EIA results were repeatable over time. Blubber 
concentrations expressed as nanogram of hormone per gram of blubber (dry weight). 
The precision of blubber (reference sample) extraction and analysis procedures was also assessed. 
Spike-recovery tests were used to evaluate whether there was any loss of parent hormone 
concentration as a result of the extraction process and how much this varied between different 
samples. Eight blubber samples (two for each hormone test) were dissected into triplicate portions 
(0.1 g). One portion was extracted and analysed to determine background concentration levels 
(‘unspiked values’). The remaining two portions were used to generate ‘spiked values’. Here, a 0.15 
mL volume of a high concentration standard (P4: 4 ng/mL; T: 20 ng/mL; E2: 25 ng/mL; F: 
20 ng/mL) was added to the homogenisation tubes prior to pulverising the tissue sample. Spiked 
samples were extracted as previously described and then analysed at a 1:2 dilution. Extraction 
efficiency was calculated using the subtraction method (see: Marcelletti et al., 2015). Parent 
hormone recovery values varied (mean recovery: 95% [P4], 126% [T], 72% [E2], 104% [F]) but 
were highly repeatable for duplicate samples (CVs: 8.2 % [P4], 3.1 % [T], 4.2 % [E2], 0.92 % [F]). 
3.3.5 Statistical analyses 
Statistical analyses were undertaken using R version 3.4.0 (R Development Core Team [2017]), 
with significance set at p levels < 0.05. Summary statistics for hormone concentrations in groups of 
interest (age class, sex, season) were reported as mean ± standard error (SE). Based on the results of 
Chapter 2, blow samples that had been visibly contaminated with a high level of seawater  
(i.e. animal exhaled while underwater; n = 4) were excluded from all statistical models. 
Existing literature on humpback whales (Vu et al., 2015; Clark et al., 2016; Mello et al., 2017), and 
other cetaceans, suggested that (1) blubber T levels should be higher in adult males than in juvenile 
males or females; (2) adult male blubber T levels should vary between seasons (i.e. whales sampled 
on the northern and southern migrations), and (3) blubber P4 levels should likely differ between 
adult females, juvenile females and males. Three Kruskal-Wallis tests were carried out to assess 
whether these patterns could be detected using our analytical methods. Holm-Bonferroni corrections 
were applied to alpha values to account for multiple testing. 
Chapter 3: Relationships between blubber and respiratory vapour steroid hormone levels in 
humpback whales (Megaptera novaeangliae) 
64 
The method used to collect blow samples differed between years. To determine whether this had an 
effect on blow hormone measurements, concentrations of P4, T, E2 and F were compared  
(i.e. simultaneously) between years using a permutational multivariate analysis of variance 
(PERMANOVA; Anderson, 2001). This model was run using type II tests (unbalanced design) via 
the ‘RVAideMemoire’ package (Hervé, 2017), with Euclidean distances as the dissimilarity metric. 
Null distributions for the pseudo-F ratio test-statistic were generated through permutation  
(see: Chapter 2). Homogeneity of multivariate dispersions was assessed using the distance-based 
tests described by Anderson (2006) via the ‘vegan’ package (Oksanen et al., 2017). 
Generalised linear models (GLMs) were then used to examine whether blow hormone levels were 
related to (1) sample quality (high or low), (2) sex, (3) age class, and (4) season (northern or 
southern migration). Separate global response models were produced for each hormone. Alpha 
values were adjusted using Holm-Bonferroni corrections to account for multiple testing. Blow 
hormone data were positive and right-skewed. GLMs were therefore fitted with a Gamma 
distribution and log-link function. Generalised variance inflation factors were calculated, using 
the ‘car’ package (Fox and Weisberg, 2011), to assess multicollinearity between predictor variables. 
Residuals were then examined for evidence of heterogeneity, autocorrelation, and over-dispersion. 
Coefficient estimates with standard errors, Wald t-values and associated p-values were calculated 
for each parameter of the model. Likelihood-ratio tests were used to assess the impact of each 
predictor on the model fit. 
3.3.6 Ethics of experimentation 
The procedures used in this study were approved by the University of Queensland’s Animal Ethics 
Committee for Native/Exotic Wildlife and Marine Animals (approval number SVS/080/15/CEAL 
and CURTIN/SVS/152/14), and were compliant with the requirements of the Animal Care and 
Protection Act 2001 (QLD, Australia), and the current Australian code for the care and use of 
animals for scientific purposes (National Health and Medical Research Council [NHMRC], 2013) 
and the Australian code for the responsible conduct of research (NHMRC, 2007). All sampling of 
humpback whales was undertaken under relevant Commonwealth of Australia permits (Cetacean 
Permit: 2014-0002, Access permit: AU-COM2014-246, AU-COM2015-273), QLD scientific 
purposes permits (WISP15866815) and Moreton Bay Marine Parks permits (QS2015/MAN307). 
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3.4 Results 
Steroid hormones were detected in blow and blubber hormone extracts but not in ‘pure’ blow 
droplets aspirated directly from the sampling kit (i.e. un-extracted; n = 3) or in raw, un-extracted 
seawater. Blubber hormone levels were highly variable (P4: 0.34 – 9.97 ng/g; T: 0.16 – 2.77 ng/g; 
E2: 0.43 – 3.07 ng/g; F: 0.32 – 2.86 ng/g) both within and between demographic groups 
(Figure 3.1). Despite this variability, three expected patterns in blubber hormone levels were 
detected. Firstly, adult males were found to possess significantly higher blubber T levels 
(1.34 ± 0.14 ng/g, χ² = 7.61, p = 0.022) than both females (0.77 ± 0.13 ng/g) and juvenile males 
(0.93 ± 0.15 ng/g). Secondly, T concentrations varied seasonally for adult males, with higher levels 
during the northern migration (1.68 ± 0.15 ng/g, χ² = 9.86, p = 0.0016) when compared to the 
southern migration (0.75 ± 0.13 ng/g). Finally, adult females possessed higher blubber P4 levels 
(5.03 ± 2.50 ng/g) than juvenile females (1.02 ± 0.34 ng/g) and all males (1.23 ± 0.15 ng/g). In this 
particular case, however, difference between groups only approached statistical significance 
(p = 0.077). In contrast to these patterns, blubber E2 and F levels were relatively similar among all 
demographic groups (Figure 3.1). 
The different sampling methods used in 2014 and 2015 had no significant effect of measured 
hormone levels in blow (p = 0.42). Blow hormone measurements from both years were therefore 
pooled for the remaining analyses. The measured levels of P4, E2 and F were positively and 
significantly correlated in paired blubber and blow samples (rS = [0.41, 0.68, 0.43], p = [0.0035,  
< 0.001, 0.0021], respectively; Figure 3.2). Blow T levels also exhibited a positive correlation with 
blubber T levels (Figure 3.2) but this relationship was not statistically significant (p = 0.19). Despite 
these relationships, there was limited evidence of any sex, age class or seasonal related trends in 
blow hormone levels (Figure 3.1; Table 3.1 – 3.4).  
Among all of the predictors, only ‘age class’ had a significant impact on the fit of any GLM and 
only for T and E2 models (Table 3.2 & 3.3). In both cases, concentrations were found to be 
significantly lower in juveniles than in adults (Table 3.2 & 3.3). However, given the distribution of 
the data (Figure 3.1), this is probably due to a large number of positive outliers for adults. The sex 
of a whale and the season when it was sampled failed to have an influence on the concentration of 
any measured hormone (Table 3.1 – 3.4). Similarly, ‘sample quality’ had no significant impact on 
blow hormone concentrations. Measured concentrations were similar for both low and high quality 
samples (P4: [0.36 ± 0.04, 0.47 ± 0.06 ng/mL]; T: [0.33 ± 0.05, 0.33 ± 0.06 ng/mL]; 
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 E2: [0.54 ± 0.06, 0.61 ± 0.07 ng/mL]; F: [0.31 ± 0.03, 0.34 ± 0.03 ng/mL], respectively).  
In contrast to these predictors, seawater contamination appeared to have a marked effect on 
measured blow hormone concentrations. Four samples that had been excluded from statistical 
analyses due to a high level of seawater contamination displayed the highest measured 
concentrations of all hormones (i.e. post-extraction; P4: 1.42 ± 0.27 ng/mL; T: 1.45 ± 0.29 ng/mL; 
E2: 1.79 ± 0.24 ng/mL; F: 0.71 ± 0.27 ng/mL). These concentrations were approximately three to 
four times higher than mean steroid hormone levels for all other blow samples (P4: 0.41 ± 0.03 ng/
mL; T: 0.33 ± 0.04 ng/mL; E2: 0.57 ± 0.05 ng/mL; F: 0.32 ± 0.02 ng/mL). In addition to these 
highly contaminated samples, there were a further three samples that consistently displayed higher 
than expected blow hormone levels (i.e. outliers; Figure 3.2). These samples had not been recorded 
as having suspected high levels of seawater contamination, nor were they biased towards a 
particular ‘sample quality’. An elevated blow P4 level (0.94 ng/mL) for one of these individuals—
an adult female—appeared to correspond with an elevated level of blubber progesterone (i.e. 9.97 
ng/g and likely pregnant). However, for the remaining two whales—an adult male and juvenile 
female—all measured blow hormone levels were markedly higher than predicted from their blubber 
concentrations (Figure 3.2) with no obvious explanation.
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Figure 3.1: Steroid hormone levels in paired blow (a.) and blubber (b.) samples from different 
demographic groups of humpback whales. Blubber hormone concentration represented on a 
Log10 scale. Boxplot displays median value, with lower and upper hinges representing the 
interquartile range (25th and 75th percentiles, respectively). Whiskers represent the highest and 
lowest values within the 1.5 × interquartile range. Values beyond this range are plotted individually. 
Table 3.1: Model estimates and likelihood ratio test outcomes for predictor variables in the 
humpback whale blow progesterone model 
Coefficient estimate SE of estimate t-value p-value LR test 
Intercept -0.56 0.21 -2.68 0.010 χ² p-value 
Sex 
(relative to female) -0.17 0.17 -0.97 0.34 1.35 0.25 
Age class  
(relative to adult) -0.17 0.18 -0.92 0.36 1.18 0.28 
Season 
(relative to northern migration) -0.12 0.17 -0.69 0.50 0.72 0.40 
Sample quality 
(relative to ‘high’) -0.23 0.16 -1.47 0.15 3.18 0.075 
Chapter 3: Relationships between blubber and respiratory vapour steroid hormone levels in 
humpback whales (Megaptera novaeangliae) 
68 
Table 3.2: Model estimates and likelihood ratio test outcomes for predictor variables in the 
humpback whale blow testosterone model 
Coefficient estimate SE of estimate t-value p-value LR test 
Intercept -0.94 0.27 -3.45 0.0014 χ² p-value 
Sex 
(relative to female) -0.08 0.23 -0.37 0.71 0.25 0.62 
Age class  
(relative to adult) -0.48 0.23 -2.03 0.050 6.69 0.0097 
Season 
(relative to northern migration) 0.03 0.23 0.13 0.90 0.03 0.86 
Sample quality 
(relative to ‘high’) 0.02 0.21 0.10 0.92 0.02 0.90 
Table 3.3: Model estimates and likelihood ratio test outcomes for predictor variables in the 
humpback whale blow oestradiol model 
Coefficient estimate SE of estimate t-value p-value LR test 
Intercept -0.31 0.21 -1.50 0.14 χ² p-value 
Sex 
(relative to female) -0.03 0.17 -0.20 0.84 0.05 0.81 
Age class  
(relative to adult) -0.32 0.18 -1.79 0.082 4.12 0.042 
Season 
(relative to northern migration) -0.13 0.17 -0.74 0.47 0.78 0.38 
Sample quality 
(relative to ‘high’) -0.12 0.16 -0.79 0.44 0.84 0.36 
Table 3.4: Model estimates and likelihood ratio test outcomes for predictor variables in the 
humpback whale blow cortisol model 
Coefficient estimate SE of estimate t-value p-value LR test 
Intercept -1.02 0.19 -5.29 < 0.001 χ² p-value 
Sex 
(relative to female) 0.07 0.16 0.44 0.66 0.25 0.62 
Age class  
(relative to adult) -0.16 0.17 -0.93 0.36 1.14 0.29 
Season 
(relative to northern migration) -0.14 0.16 -0.87 0.39 1.06 0.30 
Sample quality 
(relative to ‘high’) -0.09 0.15 -0.63 0.54 0.52 0.47 
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Figure 3.2: Relationship between blow and blubber levels of progesterone (a.), testosterone 
(b.), oestradiol (c.) and cortisol (d.) in humpback whales. Hormone concentrations are presented 
as standardised variables (z-scores) to control for different units of measure in blow and blubber. 
Line represents a linear approximation to the relationship between samples, with 95% CIs. Red 
symbols represent ‘high quality’ blow samples; green symbols represent ‘low quality’ blow 
samples. 
3.5 Discussion 
Here, blow samples were examined as a potential alternative to blubber samples for conducting 
endocrine studies on humpback whales. All measured hormones were weakly positively correlated 
in both samples, with significant relationships for progesterone, oestradiol and cortisol. However, 
in contrast to blubber hormone levels, blow concentrations did not show any consistent seasonal or 
demographic variation. Blow testosterone levels, for instance, were not higher in adult males when 
compared to females, and concentrations did not vary seasonally, despite large differences in 
blubber testosterone levels. Blow testosterone and oestradiol levels were, however, slightly lower 
in juveniles than in adults, consistent with patterns in blubber hormone concentrations. Further 
evidence that blow hormone levels were driven, to some extent, by the physiological condition of 
an animal was found, with one adult female, presumed to be pregnant based on an elevated blubber
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 progesterone level (9.97 ng/g; see: Clark et al., 2016), displaying an elevated blow progesterone 
level. Given that this value was lower than measurements from two non-pregnant whales, it appears 
unlikely that blow progesterone levels could be used as marker for large-scale physiological 
changes, such as pregnancy, in this species. Though, the potential to use blow progesterone as a 
marker for pregnancy should be re-evaluated once other sampling-related issues have been 
resolved. 
While the significant correlations between blow and blubber hormone levels suggest that ‘real’ 
endocrine signals can be detected in blow, sampling-related effects remain the largest and most 
obvious problem. Previous studies have highlighted that nylon sampling materials can lead to 
falsely elevated hormone measurements when using enzyme-immunoassays (see: Chapter 2; 
Burgess et al., 2016), which likely influenced the results of this study. However, as equal masses of 
nylon were used for each sampling kit this is unlikely to be the sole cause of outliers. In addition to 
nylon, seawater contamination is also a major problem. As found in Chapter 2, seawater dilutes a 
sample at the time of collection, which was likely responsible for the lack of detectable hormones in 
‘pure’ (i.e. unextracted) samples. Furthermore, seawater directly interferes with hormone 
measurements after being extracted with ethanol and dried. Given the particular sensitivity of 
testosterone measurements to both the seawater and nylon effects (see: Chapter 2), it is not 
unexpected that this hormone was the most poorly correlated between samples.  
Seawater contamination has not previously been highlighted as such a major issue for blow 
hormone analyses. However, many previous studies have likely experienced lower levels of 
contamination due to the sampling of captive or restrained animals (see: Hogg et al., 2005; Tizzi et 
al., 2010; Thompson et al., 2014; Richard et al., 2017). Further, some of these studies employed 
techniques to actively reduce contamination (e.g. cleaning the blowhole), which can seldom be used 
in studies on free-swimming animals. In this study, seawater was often observed resting in the 
depression of a humpback whale’s blowhole, being forced upwards by the exhalation as the animal 
surfaced. This effect was most pronounced when an animal hurried its respiration whilst attempting 
to flee the vessel. Studies on free-swimming cetaceans might therefore benefit from collecting blow 
samples using unmanned aerial vehicles, which seem to cause fewer disruptions to behaviour 
(Fiori et al., 2017; Pirotta et al., 2017). Future studies may also benefit from trialling different 
collection materials, such as polystyrene dishes (Burgess et al., 2016), and alternative hormone 
extraction and analysis techniques, such as chromatography coupled with mass spectrometry. 
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Other physiological factors may have contributed to weaker than expected correlations between 
blow and blubber steroid levels in this study. Firstly, blow and blubber likely possesses different 
proportions of a parent hormone and its metabolites—both of which are detected, to a different 
extent, by the antibodies used in each assay. Secondly, it is likely that blow and blubber accumulate 
hormones from circulation over different timeframes. Previous studies on odontocetes suggest that 
blow most likely reflects circulating hormone concentrations over a period of tens of minutes 
(Thompson et al., 2014), with blubber likely reflecting circulating levels over a period of several 
hours to days (Schwacke & Wells, 2015; Champagne et al., 2017; Kellar et al., 2017; Champagne et 
al., 2018). However, it is unknown whether these rates are similar for baleen whales. Hence, 
identifying the proportion of parent hormones and metabolites present in the blow and blubber of 
different cetacean species, and their rate of integration and clearance, are current research priorities. 
Once these research priorities are addressed it will be easier to relate blow hormone levels to the 
physiological condition of an individual animal. Further contextual information, such as the 
individual’s age class and sex, will still always be required to make accurate assessments. For many 
wild cetaceans, age class can be classified through visual observations (e.g. patterns of scarring; 
Hartman et al., 2016), and estimates or measurements of body length (Coughran & Gales, 2010). 
Determining the sex of an animal, at least for sexually monomorphic species, almost always 
requires genetic testing of biological samples such as skin (Palsbøll et al., 1992; Bérubé & Palsbøll, 
1996; Morin et al., 2005). While DNA can be extracted from cetacean blow samples (Frere et al., 
2010), the volumes collected in this study were insufficient to perform endocrine analyses and to 
trial genetic tests. Therefore, additional skin sampling was undertaken to ensure that the sex of a 
whale could be determined. In this study, an improved method to collect paired blow and biopsy 
samples from humpback whales, in quick succession, was developed. Once implemented, this 
method increased the ‘paired sampling’ success rate from ~17% in 2014 to ~43% in 2015. It also 
reduced the number of sampling attempts on each animal, and encounter times, meaning that more 
whales could be sampled each day, with less disturbance to their behaviour. Yet, this new method 
for paired sampling still caused greater disturbance than remote biopsying alone. Given that no 
extra information about the physiological condition of a whale was obtained via the additional blow 
hormone analyses (i.e. paired sampling), future endocrine studies should focus on blubber.  
This study suggests that the physiological condition of humpback whales cannot yet be accurately 
evaluated using blow hormone measurements. Several modifications are recommended such as new 
collection methods, alternative extraction and analysis techniques, and, ideally, identifying the 
hormone metabolites excreted in blow. Remote biopsying remains the preferred sampling method 
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for endocrine studies on humpbacks due to the ease of sample collection, accuracy of blubber 
hormone measurements, and the ability to conduct other analyses (e.g. genetics) using other 
portions of the sample. 
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4.1 Abstract 
Despite recent advances in cetacean biological sampling techniques, some species cannot be 
reliably sampled due to long dive times, low abundance or poorly defined distributions. 
Opportunistic post-mortem sampling is often the only way to examine the physiology of these 
animals, with endocrine studies in particular, often restricted to the collection of blubber from 
carcasses. Potential impacts on hormone results from post-mortem changes (e.g. autolysis) or 
variation in the collection and handling of samples have yet to be fully examined. Therefore, the 
purpose of this study was to examine the effects of: (1) tissue depth, (2) sample deterioration and 
(3) storage method and time, on the measurement of steroid hormone levels in cetacean blubber. 
The effect of tissue depth was examined using full-depth blubber samples excised from humpback 
whale (Megaptera novaeangliae; n =5), short-beaked common dolphin (Delphinus delphis, n = 7), 
common bottlenose dolphin (Tursiops truncatus, n = 8) and Risso’s dolphin (Grampus griseus, 
n = 4) carcasses in 2006 – 2016. The last two aims were examined using blubber samples collected 
from live humpback whales (n = 206) off the Australian coastline in 2010 – 2016. Steroid hormones 
were isolated from all samples using an organic solvent extraction, and progesterone, testosterone, 
oestradiol and cortisol levels measured using enzyme immunoassays. For all species, steroid 
hormones appeared homogeneously distributed in blubber. Some individual animals showed large 
differences in concentration between inner and outer blubber. However, this could have been due to 
other factors, including differences in extraction efficiency and blood contamination. No changes in 
steroid levels were detected over time in humpback whale blubber (n = 5) stored at -20°C for 17 
months. Conversely, pools of extracted blubber hormones (n = 3) that had been stored in assay 
buffer were unstable at -20°C, declining significantly in concentration within a 10-week period 
(p = 0.037). Blubber samples that had experienced delays in sample freezing (for 12 – 48 hours; 
n = 15) or degradation (n = 29) prior to analysis, displayed steroid hormone levels between 2 – 10 
times higher than in ‘fresh’ samples (p = 0.028, < 0.001, respectively). Collectively, these results 
highlight the importance of standardising the collection and handling of blubber when used for 
endocrine studies. Our results indicate that blubber should be collected from carcasses as soon as 
possible and frozen immediately, with extracted hormones being analysed within four weeks of 
storage.
Key words: Cetacean, blubber, steroid hormone, sampling effects 
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4.2 Introduction 
Remote tissue biopsying has been the predominant method used to collect biological samples—
small portions of epidermis (skin) and subcutaneous adipose tissue (blubber)—from wild cetaceans. 
In the last 30 years, tens of thousands of these tissue samples have been collected from numerous 
cetacean species, at various locations around the world (Hunt et al., 2013). Despite these successes, 
a number of species have proved difficult to sample, particularly those located in remote or 
unpredictable areas, those encountered in low numbers and the deep-diving species that spend 
limited time at the surface. Collecting other biological samples from these animals, such as faeces 
and respiratory vapour, is equally difficult. Therefore, certain species (e.g. some beaked whales) 
have so far only been sampled through opportunistic post-mortem encounters (Dalebout et al., 1998, 
Walker and Hanson, 1999, Thompson et al., 2012a). Post-mortem sampling has significant 
disadvantages in that specific life history groups cannot be targeted and that the carcass, and tissues, 
may have deteriorated by the time of sampling. It is also difficult to obtain a sufficient number of 
samples, particularly from each life history group of a population. Therefore, for many studies, it 
has been common to include samples collected and archived from previous projects or from 
external collections, such as museums (Walker et al., 1999, Chivers et al., 2005, Kellar et al., 2013a, 
Trana et al., 2015). 
A further complication of post-mortem cetacean studies is that sampling is often the responsibility 
of stranding response teams or local government departments, rather than the researchers 
themselves. Necropsies are typically conducted using standardised protocols (Geraci and 
Lounsbury, 2005, Pugliares et al., 2007), which detail how to collect and store certain tissues and 
fluids for various analyses, such as toxicology. Currently, however, these do not include guidelines 
on how to collect and store tissue or fluid samples for endocrine studies. Hormone measurements 
can be significantly influenced by the manner in which a sample is collected and stored (Möstl et 
al., 1999, Khan et al., 2002, Terio et al., 2002, Lynch et al., 2003, Granger et al., 2004, Tworoger 
and Hankinson, 2006, Celec and Ostatnikova, 2012). Therefore, to ensure that post-mortem 
hormone measurements are accurate and repeatable, blubber collection and storage guidelines need 
to be established. 
The blubber of cetaceans is a highly metabolic tissue that is a sink for lipophilic molecules, 
including steroids, and likely functions as an important endocrine organ (Kershaw et al., 2018). 
Blubber collected from wild cetaceans has therefore often been used for endocrine research 
(Mansour et al., 2002, Kellar et al., 2006, Kellar et al., 2013b, Kellar et al., 2014, Kellar et al., 2015, 
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Clark et al., 2016, Trana et al., 2016). In these studies, post-mortem sampling has often been used to 
characterise hormone levels for various physiological states of interest (e.g. pregnant or non-
pregnant, ‘stressed’ or ‘unstressed’). Given the potential influence that post-mortem changes, such 
as autolysis, could have upon hormone measurements (see: Bixo et al., 1986, Hirvonen and 
Huttunen, 1996, Edston et al., 2001), it is unclear how representative these results are for the live 
population. Thus far, post-mortem tissue degradation and the storage of blubber at ambient 
temperatures has been found to have little effect on sex steroid hormone levels in northern right 
whale dolphins (Lissodelphis borealis; Kellar et al., 2006) and humpback whales (Megaptera 
novaeangliae; Mello et al., 2017). In contrast, for belugas (Delphinapterus leucas), degraded 
blubber samples have been found to possess lower cortisol levels than non-degraded samples 
(Trana et al., 2015). Given the small sample sizes used for some of these studies, further 
investigation into the influence of tissue degradation on blubber hormone measurements is 
warranted.  
In addition to tissue degradation, several recent studies have investigated whether blubber hormone 
measurements are sensitive to the manner in which a sample is collected and stored (Kellar et al., 
2006, Kellar et al., 2009, Miller and Hall, 2012, Trana et al., 2015, Loseto et al., 2017, Mello et al., 
2017). Some steroids have been found to vary in concentration at different sites on the body, and at 
different tissue depths. However, there has been poor agreement as to which hormones are 
heterogeneously distributed, and in which species. For instance, in humpback whales, progesterone 
levels have been reported as higher in the inner layer of live animals (Miller and Hall, 2012), 
homogeneously distributed in the blubber of fresh carcasses and higher in the outer layer of 
decomposing carcasses (Mello et al., 2017). Variability in hormone extraction efficiency, for 
samples of different physical condition, could be partially responsible for these results (Mello et al., 
2017). The method and duration of storage is also a relevant concern for blubber hormone studies as 
freezing is known to cause dehydration of tissue samples and the denaturing of some proteins over 
time (Jeong et al., 2011). Thus far, however, several steroid hormones have proved stable in 
samples frozen at either -20°C or -40°C for a number of years (Kellar et al., 2006, Kellar et al., 
2015, Trana et al., 2015). The maximum acceptable duration of storage, and the optimal 
temperature and storage materials to use, have yet to be determined. 
The objective of this study was to identify the impacts that variation in blubber sample collection 
and handling could have upon the assessment of reproductive and adrenal steroid hormone levels in 
cetaceans. The aims of this study were to test whether blubber hormone results were affected by 
(1) the sub-epidermal depth of the blubber sample used for analysis (2) storage method and time,  
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and (3) sample deterioration. Outcomes of this study will therefore assist in the development of 
standardised collection and handling protocols for cetacean blubber.
4.3 Materials and methods 
4.3.1 Study animals 
Live humpback whales were sampled during the annual migration off the east and west coasts of 
Australia (Breeding stocks ‘D’ and ‘E1’, respectively) in 2013 – 2016. Samples from the west 
Australian population (n = 19) were collected off Dongara, Western Australia (~ 29° 16’ S, 
114° 51’ E). The east Australian population was sampled (n = 155) at two locations: 
(1) Sunshine Coast, Queensland (QLD; ~ 26° 30’ S, 153° 05’ E), and (2) Nth Stradbroke Island, 
QLD (~ 27° 21’ S, 153° 32’ E). An additional 32 samples from the east Australia population, 
collected in 2010-2012, were provided by the Cetacean Ecology and Acoustics Laboratory, from 
the University of Queensland (UQ). 
Full depth tissue samples, which were composed of skin, blubber and muscle in one segment, were 
also sourced from Taronga Zoo, in Sydney, Australia, and SeaWorld, on the Gold Coast, Australia. 
These samples (n = 24) had been collected from carcasses of four different species: humpback 
whales, short-beaked common dolphins (Delphinus delphis), common bottlenose dolphins 
(Tursiops truncatus) and Risso’s dolphins (Grampus griseus). Carcasses from both males and 
females, of various age classes, had been sampled (Table 4.1). 
Table 4.1: Species, sex and age class composition of animals with full depth blubber samples 
Species Adult Juvenile Calf 
Common bottlenose dolphin 
Female 2 - - 
Male 2 3 1 
Short-beaked common dolphin 
Female 2 3 - 
Male 1 1 - 
Risso's dolphin 
Female 2 1 - 
Male 1 - - 
Humpback whale 
Female - 1 1 
Male 2 1 -
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4.3.2 Tissue sampling and individual characteristics 
Tissue biopsies were collected from live humpback whales using a remote biopsy system 
(PAXARMs New Zealand Ltd) as described elsewhere (see: Chapter 3; Krützen et al., 2002). 
Tissue samples were removed from the cutting head of the biopsy dart, rinsed with distilled water, 
and stored on ice for 1 – 8 hours before freezing at -20°C. At the end of a field season (3 – 6 
weeks), all blubber samples were transferred to -80°C and stored until further processing. Skin 
from these samples was provided to the Animal Genetics Lab (UQ) in order to determine the sex of 
a whale. Genomic DNA was isolated from skin samples and analysed for the presence of ZFX and 
ZFY gene segments (as per: Morin et al., 2005). 
Full-depth blubber samples were surgically removed from cetacean carcasses, wrapped in 
aluminium foil, stored briefly on ice (< 3 hours) and then transferred to -20°C. Sex and age class, 
basic morphological measurements (e.g. body length, girth), sample/carcass condition (as per: 
Geraci and Lounsbury, 2005) and the time/location of sampling were recorded for each animal. 
Necropsies were conducted on eight of the humpback whales, and all of the remaining species. 
Information on the reproductive status and pathology of these animals was obtained. All deceased 
cetacean samples were transported (on dry ice) to the Wildlife Endocrinology Lab (UQ) and stored 
at -80°C until further processing. Tissue condition was classified on a 4-point scale (Table 4.2), to 
complement methods used to classify cetacean carcass condition (Geraci and Lounsbury, 2005), 
using notes on blubber condition found in Mello et al. (2017) and Trana et al. (2015). 
Table 4.2: Blubber tissue degradation states 
Tissue state Characteristics 
Stage 0 (non-degraded) 
Stage 1 degraded 
Stage 2 degraded 
Stage 3 degraded 
Freshly collected sample with white/pink colour and no apparent aroma 
Light yellow colouration on exposed blubber surface 
Yellow to orange coloured blubber with pungent smell 
Orange to brown coloured blubber with a sticky/fluid texture and foul smell 
4.3.3 Steroid hormone extraction 
Steroid hormones were extracted from blubber samples (0.1 ± 0.005 g) of all species using an 
organic solvent extraction method that was modified from previous studies (Kellar et al., 2006, 
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Trego et al., 2013), as described in previous chapters (see: Chapter 2 & 3). Blubber hormone 
extracts, from each species, were stored frozen at -80°C until analysis. 
4.3.4 Hormone analysis 
Progesterone (P4), testosterone (T), oestradiol (E2) and cortisol (F) levels were measured in blubber 
extracts using the enzyme-immunoassays (EIAs) described in previous chapters (see: Chapter 2 & 
3). The antibodies used in these EIAs are known to cross-react with several hormone metabolites 
(CL425 [P4], R156/7 [T], R9472 [E2], R4866 [F], Coralie Munro, UC Davis, see: Young et al., 
2004, Thompson et al., 2012b, Knott et al., 2013) that are likely to be present in blubber (see: 
Boggs et al., 2017, Hayden et al., 2017). Therefore, unless otherwise specified, references to 
measured ‘steroids’ or ‘hormones’ denotes the parent hormone and its metabolites. Colour 
development for each assay was evaluated using a Biotek Reader ELx808 (Gen5™ software; 
Biotek, USA) with read and reference wavelengths of 405 nm and 540nm (P4, T) or 630nm (E2, F). 
Parallel displacement of serially diluted humpback whale blubber hormone extracts, relative to the 
standard curves, was demonstrated (Appendix 1; P4: R2 = 0.96, T: R2 = 0.97, E2: R2 = 0.97 F:  
R2 = 0.98, respectively). Concentrations were low but within the reliable range of each EIA. Inter-
assay coefficients of variation (CVs) for high controls were: 6.8% (P4), 9.6% (T), 7.2% (E2) and 
9.3% (F). Inter-assay CVs for low controls were: 17% (P4), 16 % (T), 15 % (E2) and 17 % (F). 
Results were accepted if duplicate CVs were < 10 %. Concentrations expressed as nanogram of 
hormone per gram of blubber (dry weight). 
4.3.5 Tissue experiments 
In this Chapter, five experiments were conducted on cetacean blubber samples. Experiment 1 
focussed on testing whether steroid hormones varied in concentration at different tissue depths. For 
this experiment, concentrations of P4, T, E2 and F were compared at two blubber depths. Blubber 
used for this study had been obtained post-mortem, and included samples from four species: 
bottlenose dolphins, humpback whales, short-beaked common dolphins and Risso’s dolphins. The 
remaining experiments (2a, 2b, 3a and 3b) focussed solely on humpback whale blubber. 
Experiments 2a and 2b focussed on exploring the stability of steroid hormone concentrations at  
-20°C under two different storage conditions: (a) in situ in frozen blubber (n = 5), and (b) as 
extracts that had been reconstituted in assay buffer prior to freezing (n = 3). Following this, 
experiments 3a and 3b examined the impacts of sample deterioration (from either ‘delays in 
freezing’ or ‘degradation’ during transport and storage, respectively) on blubber P4, T, E2 and F 
levels. The specific details of each experiment are outlined below.
Chapter 4: Sources of variation in cetacean blubber hormone measurements 
84 
Experiment 1 
Cetacean blubber can be differentiated histologically and sometimes visually into three distinctive 
layers (outer, middle, inner), which vary in depth depending on the species, the size/age of the 
animal and its body condition (see: Waugh et al. 2014). Here, concentrations of steroid hormones 
were compared between these layers to determine if they are distributed evenly (homogenous) or 
unevenly (heterogeneous). Blubber samples from twenty-four animals (Table 4.1) were separated 
into layers based on visual characteristics (colour, texture), with guidance from tissue depth 
estimates in previous studies for those species (Montie et al., 2008, Kellar et al., 2009, Waugh et al., 
2014, Champagne et al., 2017). The middle portion of blubber was not included in this experiment, 
as its barrier with the inner and outer layers could not be consistently identified. For all species, the 
outer layer was excised from adjacent to the skin (< 15 mm); inner blubber was taken from within 
15 mm of the muscle. Notes on tissue condition (e.g. signs of degradation) and potential 
contaminants (e.g. blood) were recorded for each portion of a sample. Both portions were extracted 
and analysed at the same time, to reduce any small differences in hormone measurements from 
inter-assay variability or inter-batch extraction efficiency. 
Experiment 2a 
For this experiment five humpback whale blubber samples were dissected into three portions at the 
time of collection. A portion of each sample was then extracted and analysed after three different 
storage periods at -20°C (i.e. one month, six months and seventeen months) in order to assess any 
storage related changes to blubber steroid hormone content. 
Experiment 2b 
To assess whether the steroid hormone content of blubber extracts declined with storage, three 1.5 
mL pools of blubber extracts were made by combining 50 µL volumes of thirty different humpback 
whale extracts. Pooled samples were then vortexed for 1 min to ensure even mixing and aliquoted 
evenly (0.5 mL) into three separate centrifuge tubes (1.5 mL, Thermofisher, Australia). This 
prevented the need to repeatedly freeze and thaw a pooled sample (see: Appendix 2) when 
analysing its concentrations at multiple times. One aliquot for each pooled sample was then 
analysed after less than one week of storage, and after being frozen for 4 and 10 weeks. Given the 
use of pooled samples, concentrations for this experiment are expressed as nanogram of hormone 
per millilitre of pooled extract (as opposed to gram of blubber). 
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Experiment 3a 
This experiment focussed on whether delays in freezing impacted the measured hormone content in 
humpback whale blubber samples. This sampling-related effect was simulated using five blubber 
samples that had been collected from live animals within the last month, stored briefly on ice 
(< 2 hours) and then transferred to -80°C. While frozen, each sample was dissected into four equal 
mass cross-sections (0.12 ± 0.01 g). The maximum sub-epidermal depth of any section was 30 mm; 
all sections were confirmed as being from the outer blubber layer. One section from each sample 
was immediately returned to -80°C to represent a ‘fresh’ sample. The remaining three sections were 
placed into separate sterile specimen containers (70 mL, Sarstedt) and incubated in a temperature-
controlled room (21°C) for either 12, 24 or 48 hours. The temperature of the room was monitored at 
4-hour intervals with a digital thermometer (WS1281, Instrument Choice, Australia). At the end of
each incubation period, notes on sample appearance (size, colour, texture) and aroma were
recorded, and one segment from each sample was placed back into -80°C. At the end of the 48-hour
period, all blubber sections were then extracted and analysed.
Experiment 3b 
To assess whether the condition of a sample could also influence blubber hormone results, a 
retrospective comparison of concentrations in visibly degraded samples and non-degraded samples 
was conducted. All degraded samples used in this study had been classified as ‘stage 1 degraded’. 
Degradation of these samples was suspected to be have been caused by exposure to multiple freeze-
thaw cycles (e.g. during sub-sampling and transport) or the use of poorly sealed tubes and 
containers. To minimise variation in hormone levels from other factors, such as post-mortem 
changes or the sex, age, pathology and reproductive condition of animals, concentrations were only 
compared for two groups of whales: adult females (n = 7 [degraded], 15 [non-degraded]) and adult 
males (n = 22 [degraded], 62 [non-degraded]). No samples from carcasses or females that could 
possibly be pregnant (i.e. blubber P4 level > 5 ng/g; Clark et al., 2016) were used. 
4.3.6 Statistical analyses 
Statistical analyses were undertaken using R version 3.4.0 (R Development Core Team [2017]). 
Summary statistics were reported as mean ± standard error (SE) and significance was determined at 
p levels < 0.05. 
Experiment 1 investigated whether hormone concentrations differed between the inner and outer 
blubber layers of four different cetacean species. To test for this effect a separate generalised linear
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mixed model (GLMM) was constructed for each hormone. Response models used ‘species’ and the 
interaction between ‘species’ and ‘blubber layer’ as predictors. ‘Individual ID’ was included as a 
random effect to account for the use of two samples from the same animal (inner and outer layer). 
Alpha values were adjusted (using Holm-Bonferroni corrections) to account for the separate testing 
of each hormone. All response variables were non-normally distributed and right-skewed; GLMMs 
were therefore fitted with a Gamma distribution and a log-link function, using the ‘lme4’ package 
(Bates et al., 2015). Residual plots were examined for heterogeneity, autocorrelation and over-
dispersion. Coefficient estimates, standard errors, Wald t-statistics and associated p-values were 
examined for model parameters. Likelihood-ratio tests were used to examine if a predictor had a 
significant impact on the fit of a model. 
Permutation tests were selected for the remaining experiments due to their ability to deal with low 
sample sizes, and non-normal and heteroscedastic data. Statistical power would have been severely 
decreased if univariate tests, with alpha value adjustments, were applied. Therefore, a multivariate 
approach—permutational multivariate analysis of variance models (PERMANOVAs; Anderson, 
2001)—was adopted for each experiment. These tests were implemented using the ‘vegan’ package 
(Oksanen et al., 2017) or for models requiring type II tests (i.e. due to unbalanced designs; 
experiment 3b) the ‘RVAideMemoire’ package (Hervé, 2017). PERMANOVA partitions variance 
within and between-groups to determine whether group centroids differ in a given multivariate 
space. In all models, this multivariate space was defined by the Euclidean distances (see: Legendre 
and Legendre, 2012) between individual observations. PERMANOVAs differ from parametric tests 
in that the test-statistic for a given predictor is not compared to a theoretical distribution but rather a 
null distribution that is generated through permutation of the data (see: Anderson, 2001). A key 
assumption of all PERMANOVAs, but particularly those with unbalanced designs, is that each 
group displays a similar degree of within-group variance (i.e. multivariate homogeneity of group 
dispersions; Anderson, 2001). This was evaluated for each model using the distance-based tests 
described by Anderson (2006). 
Experiment 2a examined the stability of steroid hormones in frozen humpback whale blubber 
samples stored at -20°C. The effect of storage time (one month, five months and seventeen months) 
on all measured hormones was examined simultaneously. To accommodate repeated measures 
predictors in a PERMANOVA, a restricted permutation scheme is used when generating the test-
statistic null distribution. Permutations were conducted within but not across samples and only 
toroidal shifts in the repeated measure were considered (as discussed in: Besag and Clifford, 1989, 
Efron and Tibshirani, 1994, Legendre and Legendre, 2012, Winkler et al., 2015). A consequence of 
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this type of test is that individual changes between time points could not be statistically evaluated. 
A significant p-value only suggests that there is a systematic (non-random) change in 
concentrations over the course of the experiment. 
The stability of blubber hormone extracts at -20°C was then examined (experiment 2b), with 
concentrations in pooled hormone extracts compared within one week of storage and after four and 
ten weeks of storage. As with experiment 2a, this PERMANOVA used a restricted permutation 
scheme when comparing concentrations over time to account for temporal correlation in the data. 
Experiment 3a examined the impacts of delays in sample freezing on humpback whale blubber 
steroid hormone measurements. Concentrations in fresh-frozen sections of blubber were compared 
to corresponding sections of blubber that had been left at room temperature for either 12, 24 or 48 
hours. As with experiment 2, this experiment included a repeated measure. Therefore, to evaluate 
changes in hormone levels over time a restricted permutation scheme was employed. 
Finally, the impact of tissue degradation on measured hormone content in blubber samples was 
examined (experiment 3b). As separate models were conducted for adult males and adult females, 
alpha values were adjusted using Holm-Bonferroni corrections. In both models, the length of time a 
blubber sample had been frozen (in months) was included as a covariate in case long-term storage 
had affected hormone concentrations. Given the relatively large sample sizes for each model 
(female: n = 23; male: n = 84), it was not practical to enumerate all possible permutations of the 
data when generating null distributions (i.e. an ‘exact test’). Therefore, in each case, a random sub-
set of 10 000 permutations were applied.
4.3.7 Ethics of experimentation 
The procedures and samples used in this study were approved by the UQ’s Animal Ethics 
Committee for Native/Exotic Wildlife and Marine Animals (approval numbers 
SVS/080/15/CEAL, SVS/230/10/(NF), CURTIN/SVS/283/13, CURTIN/SVS/152/14, and 
ANRFA/SVS/130/16), and were compliant with the requirements of the Animal Care and 
Protection Act 2001 (QLD, Australia), and the current Australian code for the care and use of 
animals for scientific purposes (National Health and Medical Research Council [NHMRC], 2013) 
and the Australian code for the responsible conduct of research (NHMRC, 2007). Live humpback 
whales were sampled under relevant Commonwealth of Australia permits (Cetacean Permit: 2014-
0002, Access permit: AU-COM2014-246, AU-COM2015-273), QLD scientific purposes permits 
(WISP15866815) and Moreton Bay Marine Parks permits (QS2015/MAN307, QS2016/MAN307). 
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The sampling of carcasses was conducted by other institutions under their own permits and ethics 
approvals. 
4.4 Results 
Experiment 1 examined whether steroid hormones are homogeneously or heterogeneously 
distributed in the blubber of cetaceans. Measured differences in hormone concentrations between 
blubber layers varied from 0.03 – 1.71 ng/g. The direction of these differences (i.e. higher or lower 
in a particular layer) depended on the hormone and species. However, it also varied between 
individuals. The one exception was for bottlenose dolphins, where all individuals had higher steroid 
hormone concentrations in the inner blubber layer for all hormones (by 0.04 – 0.74 ng/g; Figure 
4.1). Overall, however, ‘blubber layer’ failed to have a significant impact on the fit of any response 
model. This indicated that there was no consistent effect of tissue depth on hormone concentration, 
when examined for all species. ‘Blubber layer’ was subsequently dropped from each response 
model before re-running the analyses with the interaction term only (i.e. ‘species’ x ‘blubber layer’). 
The interaction term was not statistically significant for P4 or T but approached statistical 
significance for the remaining hormones (E2: χ 2 = 13.86, p = 0.054; F: χ 2 = 12.43, p = 0.087). 
Variation in E2 and F levels with tissue depth was most pronounced for humpback whales and 
Risso’s dolphins (Figure 4.1). However, there was little data available to assess patterns for Risso’s 
dolphins due to the removal of two samples, which appeared to be contaminated with blood. 
In total there were three blubber samples that had to be excluded from statistical analyses due to 
contamination with blood. Each of these samples was from the inner blubber layer—two came from 
Risso’s dolphin carcasses, as previously discussed, with the remaining sample coming from a 
humpback whale carcass. For each of these samples, all measured hormone levels, but particularly 
P4 and F, were markedly (3 – 27 times) higher than in their corresponding outer, uncontaminated 
blubber layer. Concentrations in these blood-contaminated samples were also higher than in any 
other sample for the respective species. 
Experiment 2 focused on whether humpback whale blubber hormone levels were stable while stored 
at -20°C. The stability of steroids in whole blubber (i.e. pre-extraction; experiment 2a), and as 
extracts reconstituted in assay buffer (i.e. post-extraction; experiment 2b), was examined. There was 
a marked difference in the stability of steroid hormones for these two different storage conditions. 
Hormone concentrations in did not change in five blubber samples (p = 0.91) analysed after being 
frozen for one month, five months and seventeen months at -20°C. In contrast, the hormone content 
in pooled blubber extracts declined during a ten-week storage period (F(1,7) = 13.26, p = 0.037). The 
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exact time when hormone concentrations declined could not be identified using our statistical 
approach. However, in this study, the most prominent changes in concentration appeared to occur 
after four weeks of storage (Figure 4.2). The overall effect of storage time appeared to be driven by 
changes in concentration for T, E2 and F (Figure 4.2). In contrast, P4 levels changed relatively little 
throughout the duration of the experiment, illustrating some inter-hormone differences in storage 
stability. 
When compared to the effects of storage, sample deterioration (experiment 3) had a different, and a 
more significant, influence on humpback whale blubber hormone levels. Both delays in sample 
freezing (experiment 3a) and tissue degradation (experiment 3b) caused increases, rather than 
decreases, in measured hormone concentrations. The measured hormone content of a blubber 
sample increased significantly with the time it spent at room temperature prior to freezing  
(F(1,18) = 1.81, p = 0.028). As with experiment 2, the time when changes in concentration occurred 
could not be statistically evaluated. However, when examined visually, the most pronounced 
changes in blubber hormone content occurred within the first 12 hours at room temperature. 
Measured concentrations at this time were approximately double the values measured in fresh-
frozen portions of the samples (Figure 4.3). Steroid concentrations continued to rise as the freezing 
delay increased, reaching approximately 2.5 – 5 times higher than fresh-frozen levels by the end of 
the experiment (i.e. after 48 hours). All samples that had been stored at room temperature leached 
fluid into their containers, and changed slightly in colour (from white to a creamy brown) and 
texture (from relatively rigid to soft and pliable) over time. Similar changes were noted for samples 
that had experienced degradation during transport or storage (experiment 3b). The measured 
hormone content of visibly degraded samples was significantly higher than in non-degraded 
samples (Figure 4.4), for both adult females (F(1,21) = 13.25, p < 0.001) and adult males 
(F(1,81) = 29.13, p < 0.001). Degradation had a particularly marked effect on P4 and E2 levels. 
Although samples that had been frozen for longer than three years more frequently showed signs of 
visible degradation, ‘storage time’ itself was not related to blubber hormone levels in either sex 
(p = [0.38, 0.95]). 
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Figure 4.1: Difference in steroid hormone levels between blubber layers for four different 
cetaceans species. Comparisons conducted for bottlenose dolphins (n = 2 [adult females], 2 [adult 
males], 3 [juvenile males], 1 [male calf]), humpback whales (n = 2 [adult males], 1 [juvenile 
female], [1 female calf]), Risso’s dolphins (n = 1 [adult male], 1 [juvenile female]) and short-
beaked common dolphins (2 [adult females], 1 [adult male], 3 [juvenile females], 1 [juvenile male]). 
Negative values indicate higher levels in the inner layer; positive values indicate higher levels in the 
outer layer. No values reached statistical significance. Boxplot displays median value and 
interquartile range, with whiskers representing values within the 1.5 × interquartile range.  
Figure 4.2: Changes to steroid hormone levels (mean ± SE) throughout ten-weeks of storage 
at -20°C for three pooled humpback whale blubber hormone extracts. All pooled samples 
initially analysed within one week of storage and then after four and ten weeks storage. Storage 
time had a significant effect on measured levels of all hormones (i.e. multivariate response variable; 
p = 0.037). All declines in concentration between the initial analysis and the analysis at four weeks 
of storage were < 10%. 
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Figure 4.3: Mean ± SE change (%) in hormone concentrations for five humpback whale 
blubber samples analysed initially after being fresh-frozen and then analysed again after 12, 
24 and 48 hours storage at room temperature. Initial concentration (fresh-frozen) listed at time 
‘0’. Delays in sample freezing had a significant overall effect (p = 0.028) on measured hormone 
concentrations (a: progesterone; b: testosterone; c: oestradiol; d: cortisol).  
Figure 4.4: Steroid hormone concentrations in blubber samples collected from live, adult male 
(a.) and adult female (b.) humpback whales; samples in a non-degraded tissue state or at stage 
1 of degradation. Boxplot displays median value, and the interquartile range (25th and 75th 
percentiles, respectively). Whiskers represent the highest and lowest values within the  
1.5 × interquartile range. Values beyond this range plotted as individual points. 
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4.5 Discussion 
The potential impacts that the collection and handling of blubber samples could have upon steroid 
hormone measurements have, to date, only been partially addressed. Here, we investigated these 
issues further, examining whether humpback whale blubber steroid hormone levels were sensitive 
to storage conditions and sample deterioration. The impact of tissue sample depth on steroid 
hormone levels was also examined for this species, along with bottlenose dolphins, Risso’s dolphins 
and short-beaked common dolphins. Each of these sampling- and handling-related variables 
influenced blubber hormone levels in a slightly different manner. Storing blubber hormones as 
extracts reconstituted in assay buffer at -20°C, rather than leaving them within whole tissue, led to 
declines in concentration. In contrast, sample deterioration—from delays in sample freezing, and 
exposure to air or repeated freeze thawing during storage—caused increases to hormone levels. 
Steroid hormone levels, in most species, also differed slightly between blubber layers but these 
differences were not statistically significant. Overall, several of these results were similar to 
previous findings for humpback whales (Kershaw et al., 2013, Mello et al., 2017) and other 
cetaceans (Kellar et al., 2006, Kellar et al., 2009, Trana et al., 2015, Loseto et al., 2017). Together, 
these studies provide some of the information necessary for the development of standardised 
blubber sampling and handling guidelines. 
Our ability to assess the vertical distribution of steroids in cetacean blubber was limited due to low 
sample sizes and because results were pooled for animals of different sex, age, reproductive status 
and body condition. Further, if differences between layers were relatively small, these patterns 
could have been masked by even minor analytical variability (e.g. intra-batch variability in 
extraction efficiency, intra- and inter-assay variation). Consequently, we did not identify any 
hormone, in any species, that was heterogeneously distributed in blubber, as found previously for 
short-beaked common dolphins and humpback whales (Kellar et al., 2006, Kellar et al., 2009, 
Kershaw et al., 2013, Mello et al., 2017). There were some signs that bottlenose dolphins possessed 
higher concentrations of steroid hormones in the inner blubber layer but differences between layers 
were not significant. Differences between layers could theoretically occur due to changes in the 
structural properties (e.g. collagen, elastic fibres) of blubber at different depths, and the potential 
influence this has on the efficiency of hormone extraction. In Chapter 3, the results of our spike-
recovery tests illustrated that the extraction of steroids from the outer blubber layer of humpback 
whales was highly repeatable. The extraction efficiency of the inner layer was not examined and 
could potentially be more variable. The different chemical and cellular compositions of each layer 
(Struntz et al., 2004, Montie et al., 2008) could also lead to slightly different rates of hormone 
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accumulation, metabolism and conversion. Overall, the maximum observed difference between 
layers for any species was 1.71 ng/g—a cortisol measurement in a humpback whale that was ~24% 
higher in the inner layer than in the outer layer. Differences between layers are therefore unlikely to 
impede the detection of certain important endocrine patterns, such as pregnancy or chronic adrenal 
stress: blubber progesterone levels have typically been at least 10-fold higher in pregnant than in 
non-pregnant females (see: Kellar et al., 2006, Pérez et al., 2011, Clark et al., 2016, Kellar et al., 
2017b); and, cortisol levels in ‘stressed’ animals have, at the very least, doubled ‘baseline’ levels 
(see: Kellar et al., 2015, Trana et al., 2016, Champagne et al., 2017, Kellar et al., 2017a). Blubber 
samples should, nonetheless, be collected consistently from the outer layer in order to reduce 
potential variability in hormone results, and because it is the simplest, least invasive portion to 
collect and does not appear as susceptible to blood-contamination. 
Portions of a blubber sample that were contaminated with blood possessed markedly higher levels 
of all measured steroid hormones when compared to the remainder of the sample. This effect was 
most prominent for cortisol and progesterone, likely due to these animals having a physiological 
condition associated with high circulating levels of these hormones. Firstly, each of these samples 
had been collected after severe stress events, such as entanglement. Therefore, it is likely that the 
adrenal glands had secreted high volumes of cortisol and potentially progesterone (i.e. a precursor 
to cortisol; Chrétien and Seidah, 1981, Barbaccia et al., 2001, Beaulieu-McCoy et al., 2017) into 
circulation. Secondly, two of these samples came from pregnant females, which should also possess 
elevated progesterone levels. The cause of blood contamination and why it was limited to the inner 
blubber layer is unclear. The inner blubber layer of bottlenose dolphins has a higher microvascular 
density than the outer layer (McClelland et al., 2012), which could lead to higher volumes of blood 
in the sample. However, patterns of vascularisation in the blubber of humpback whales and Risso’s 
dolphins—the species with contaminated samples—have yet to be described. None of the samples 
collected from live whales using a remote biopsy system displayed signs of blood-contamination; 
therefore, it is not likely to be concern when conducting endocrine studies on free-swimming 
species. For post-mortem endocrine studies, however, it would be ideal to collect several small sub-
dermal samples from the outer blubber layer (e.g. using biopsy punches) before any full-depth 
samples are excised from the carcass. 
Storage method had a significant influence on the stability of blubber hormone levels. Steroid 
hormones were stable in frozen humpback whale blubber for extended periods (1.5 years), similar 
to findings for beluga (Trana et al., 2015) and short-beaked common dolphin blubber samples 
(Kellar et al., 2006, Kellar et al., 2015). Together, our studies support suggestions that steroid 
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hormones are resistant to degradation while frozen within a range of tissues and fluids (Kley and 
Rick, 1984, Kesner et al., 1995, Miki and Sudo, 1998, Groschl et al., 2001, Khan et al., 2002, 
Taylor and Schuett, 2004, Garde and Hansen, 2005, Pettitt et al., 2007). In contrast, changes in 
concentration for pooled extracts, which occurred after only one month of storage, suggest that 
blubber steroids are relatively unstable at -20°C once extracted and reconstituted in assay buffer. 
Assay buffer contains salts in ionized form (i.e. electrolytes), which can decrease the solubility of 
some steroid hormones (Bischoff and Pilhorn, 1948). Over time this could potentially result in a 
loss of concentration through steroid hormones adsorbing onto the plastic walls of storage tubes 
(Levin et al., 1965, Sim et al., 1983, Banerjee et al., 1985). However, this effect has been mitigated 
with the addition of albumin (Banerjee et al., 1985), which was also included as an ingredient in our 
assay buffer. Further, faecal hormone metabolites are frequently extracted, dried and reconstituted 
in similar assay buffers without reports of significant losses in concentration (reviewed in: Palme et 
al., 2013). In this study, the cause of declines in concentration and whether they relate to the storage 
materials and solutions used, or the storage temperature, is currently unclear. Freezing extracted 
hormones at lower temperatures (e.g. -80°C), and as either an anhydrous powder or an aqueous 
solution in glass vials, should be trialled as possible alternatives for storage. Overall, our results 
indicate that -20°C is sufficient for the storage of humpback whale blubber, for a period of at least a 
year and a half, for the purposes of conducting endocrine analyses. The ability to use blubber that 
has been archived for longer periods (e.g. in museums for decades) likely depends on the condition 
of the sample and its storage. 
Mean steroid hormone levels were 2 – 10 times higher in blubber samples with signs of 
deterioration than in fresh samples. These results are similar to previous findings for humpback 
whale blubber hormones (Mello et al., 2017) and those of several mammalian faecal hormone 
studies (Möstl et al., 1999, Khan et al., 2002, Terio et al., 2002, Lynch et al., 2003). In our study, 
sample deterioration had a large enough effect to potentially mask some important endocrine 
patterns for cetaceans, such as adrenal stress where cortisol levels are typically less than 10-fold 
elevated above presumed ‘baseline’ levels (see: Kellar et al., 2015, Trana et al., 2016, Champagne 
et al., 2017, Kellar et al., 2017a). Some of the observed differences between degraded and non-
degraded samples could relate to factors that were not, or could not, be determined, such as the 
individual’s health, reproductive status and baseline hormone levels. However, we suspect that the 
physical and chemical decomposition of blubber samples was responsible for the majority of 
observed differences. For instance, the breakdown of structural fibres and interstitial fluid loss 
might increase the efficiency of hormone extraction, particularly during the initial homogenisation 
step, thereby leading to significantly higher concentrations. During decomposition, parent hormones 
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that were not targeted or detected by our assay could also be catabolised to produce metabolites that 
potentially cross-react with the antibodies used. Thus, the type and preparation of antibodies used in 
an assay could have a significant effect on the results of blubber degradation studies, and may help 
to explain why the results of existing studies have varied considerably (see: Kellar et al., 2006, 
Trana et al., 2015, Mello et al., 2017). Employing chromatography-mass spectrometry techniques 
might circumvent this issue, and help clarify how the proportions of a parent hormone and its 
metabolites change as blubber decomposes. Whether degradation can be buffered with the use of 
liquid preservatives, such as 100% ethanol, NaCl-saturated dimethyl sulfoxide (DMSO) solutions or 
sodium azide solutions, should also be investigated. A fundamental step in these type of studies is 
to also test whether the preservatives could have an impact upon blubber hormone measurements 
(see: Kalbitzer et al., 2013).
Cetacean blubber hormone levels appear not only influenced by the physiological condition of the 
animal but by the manner in which samples are collected and stored, and possibly, the physical and 
chemical changes that occur to blubber following an animal’s death. Concentrations appear 
particularly sensitive to the duration and method of storage, to sample deterioration and to blood 
contamination. Tissue depth differences in concentration were relatively low but still warrant 
consideration when testing for subtle endocrine patterns. Other potential variables, such as repeated 
freeze-thawing (Appendix 2) and the use of different storage temperatures, remain to be fully tested. 
Overall, we have several recommendations for the collection and handling of cetacean blubber 
when used for endocrine analyses, which are particularly relevant in the context of post-mortem 
studies. Firstly, multiple small sub-dermal tissue samples should be collected as soon as possible 
from a carcass using biopsy punches and frozen immediately. Secondly, these samples should be 
stored in a manner that effectively seals them from air, such as using aluminium foil to cover the 
sample before storing in a container or placing samples into sealed storage tubes. Thirdly, blubber 
hormones should be measured within four weeks following extraction. Finally, when being stored 
or provisioned to others, blubber should be left attached to the skin so that tissue depth can be 
confirmed. These recommendations will improve the management of existing cetacean tissue 
archives and increase the accuracy and repeatability of future blubber hormone measurements. 
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5.1 Abstract 
The capacity of a species to withstand changes in its environment depends on its ecological and life 
history characteristics. Baleen whales, for example, are vulnerable to disturbance due to low 
fecundity, capital breeding strategies, and their reliance on an immense amount of prey resources 
over large spatial scales. There has been growing interest in monitoring the health and adrenal 
condition of baleen whales but few measures have been validated. The purpose of this study was to 
examine whether blubber cortisol could be used as a measure of adrenal cortical function in 
humpback whales (Megaptera novaeangliae). To ensure that blubber hormone levels were sensitive 
to large changes in cortisol release, concentrations were compared between live, presumably 
‘healthy’ whales (n = 187) and deceased whales (n = 35), which had stranded, died from 
entanglement or washed ashore as a carcass. Within the live population, blubber cortisol levels were 
then examined for evidence of life history-related or seasonal effects. As part of this aim, the 
potential influence that remote biopsy sampling methods could have upon cortisol measurements 
was evaluated, specifically the time spent following a whale (encounter time) and the number of 
sampling attempts required for each animal. Overall, mortality status had the strongest influence on 
blubber cortisol levels. Concentrations were significantly higher for deceased whales 
(5.47 ± 0.87 ng/g), particularly for animals that had experienced prolonged trauma (e.g. stranding) 
prior to death, when compared to live whales (0.50 ± 0.01 ng/g; p < 0.001). In live whales, 
concentrations were poorly related to encounter time (p = 0.83) and the number sampling attempts 
(p = 0.68), indicating that blubber cortisol is unlikely to be influenced by acute stress at the time of 
sampling. There were also no indications of any life history-related trends in blubber cortisol levels. 
Concentrations were, however, marginally higher in whales migrating north towards the calving 
and breeding grounds (0.54 ± 0.02 ng/g,  p = 0.016) when compared to those migrating south 
towards the feeding grounds (0.48 ± 0.14 ng/g). This pattern was probably a result of additional 
socio-physiological stress experienced by whales during periods of intense breeding activity. 
Blubber cortisol is a suitable measure for monitoring long-term trends in the adrenal cortical 
function of humpback whales, such as chronic stress, without concerns of sampling-related effects. 
Key words: Humpback whale, blubber, cortisol, stress, validation 
5.2 Introduction 
‘Stress’ is any external or internal stimulus that activates the sympathetic nervous system (SNS) and 
the hypothalamic-pituitary-adrenal (HPA) axis to either maintain or restore homeostasis. These 
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stimuli, which can be derived from the animal’s physical, chemical or biological environment, can 
modify both the behaviour and physiology of the animal. In terms of conservation, key concerns are 
the effects of prolonged activation of the SNS and HPA axis (i.e. chronic stress) on reproduction 
(Moore et al., 2005, Sheriff et al., 2009), health and survival in wild populations (Monfort et al., 
1998, Rakotoniaina et al., 2017). 
Many marine ecosystems have been heavily impacted by anthropogenic activities, such as fishing, 
shipping, pollution and coastal development (Halpern et al., 2007, Halpern et al., 2008). Cetaceans 
are considered to be particularly vulnerable to a number of these threats, due to their ecological and 
life history characteristics, and have therefore been referred to as ‘ecosystem sentinels’ 
(Wells et al., 2004, Moore, 2008, Bossart, 2011). Firstly, all species are relatively slow to mature 
and display low fecundity. Secondly, as many cetaceans feed during temporally and/or spatially 
restricted periods, they can be strongly affected by local prey depletion. For instance, commercial 
fishing in the Mediterranean Sea has caused a loss of prey and declines in abundance for short-
beaked common dolphins (Delphinus delphis; Bearzi et al., 2006, Bearzi et al., 2008). Thirdly, the 
surfacing-diving behaviour of cetaceans makes them susceptible to vessel collisions, with high rates 
of mortality reported for many baleen whales and coastal odontocetes (Laist et al., 2001, 
Van Waerebeek et al., 2007, Rockwood et al., 2017). Finally, cetaceans rely upon acoustic 
communication, which can be masked by industrial underwater noise, such as from drilling, sonar 
and seismic airguns (reviewed in: Erbe et al., 2016). Collectively, these disturbances have the 
potential to compromise the physiological and psychological condition of animals, which could in 
turn lead to poor health, reproductive suppression and lower survival rates (Fair and Becker, 2000). 
Given the current and potential future impacts on marine ecosystems from anthropogenic activities, 
there is a need to develop methods for monitoring cetacean health and welfare. 
For several captive and wild odontocetes, there has been considerable work done to examine the 
impacts of acute stress on the physiological condition of animals (Koopman et al., 1995, Ortiz and 
Worthy, 2000, Suzuki et al., 2002, Romano et al., 2004, Eskesen et al., 2009, St. Aubin et al., 2013, 
Fair et al., 2014). Hormones derived from the HPA axis, particularly circulating levels of cortisol, 
adrenocorticotropic hormone (ACTH) and aldosterone, have been the most frequently used markers 
of acute stress (reviewed in: Atkinson et al., 2015). These particular hormones have been directly 
validated for use by sampling individuals before and after an exogenous hormone challenge 
(Thomson and Geraci, 1986, Orlov et al., 1988, St. Aubin and Geraci, 1990, Orlov et al., 1991) or a 
stressful event, such as cold water exposure (Houser et al., 2011) or capture (St. Aubin and Geraci, 
1989, St. Aubin et al., 1996, Ortiz and Worthy, 2000, Schmitt et al., 2010, Hart et al., 2015). This 
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research has been biased towards the smaller odontocete species that are either maintained in 
captivity or captured in the wild. A number of other physiological measures (e.g. haematology; 
Geraci and Medway, 1973, Reidarson and McBain, 1999, St. Aubin et al., 2013) and behavioural 
parameters (e.g. diving and vocalisation rates; Waples and Gales, 2002, Esch et al., 2009) have been 
considered as potential signs of stress in these species. Conversely, with the exception of north 
Atlantic right whales (Eubalaena glacialis; Hunt et al., 2006, Rolland et al., 2012, Burgess et al., 
2017, Rolland et al., 2017), there has been little study on the physiological stress responses of 
baleen whales. 
Few studies have examined the potential impacts that chronic stressors could have upon the 
behaviour and physiology of cetaceans. For most wild populations, it is not feasible to monitor 
behaviour or adrenal hormone levels in the blood over time, due to the difficulty of relocating and 
resampling the same animals. Measuring adrenal hormone levels in blubber and faeces can partially 
overcome this issue as concentrations reflect adrenal function over longer durations than in blood 
(Amaral, 2010, Hunt et al., 2013, Atkinson et al., 2015). The collection of these samples has the 
added benefit of alleviating some animal welfare risks associated with capture, restraint and blood 
sampling, such as phlebitis from needle-stick incisions and capture-stress myopathy. In faeces, 
hormone concentrations are a reflection of circulating levels over the period of gut passage. 
Unfortunately, these rates are poorly known for cetaceans and could differ immensely between 
species, as the length and structure of the gastro-intestinal tract is highly variable (Horstmann, 
2018). Faecal sampling is further limited by the fact that few species feed and subsequently defecate 
in spatially and temporally predictable areas. In blubber, concentrations reflect circulating levels 
over the time it takes for hormones to diffuse into the tissue from peripheral circulation. Repeated 
sampling of captive bottlenose dolphins (Tursiops truncatus) following administration of 
hydrocortisone (synthetic cortisol) indicated that cortisol integration most likely occurred within a 
three day period (Champagne et al., 2017). Follow up studies, in captivity and in the wild, identified 
peaks in blubber cortisol as little as two hours after the onset of a stressor (e.g. capture, out-of-water 
sampling; Kellar et al., 2017, Champagne et al., 2018). This differs from the results of studies on  
belugas (Delphinapterus leucas) and short-beaked common dolphins (Delphinus delphis), where 
blubber cortisol levels failed to be elevated in animals that experienced stressful deaths, likely over 
similar timeframes (see: Kellar et al., 2015, Trana et al., 2016). Therefore, while blubber cortisol 
has been confirmed as a suitable indicator of adrenal stress in several cetaceans (Kellar et al., 2015, 
Trana et al., 2016, Champagne et al., 2017, Loseto et al., 2017), it is unclear whether measurements 
in free-swimming animals could be influenced by acute stress at the time of sampling. For species
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that feed sporadically in remote areas and fast throughout much of the year, such as humpback 
whales (Megaptera novaeangliae), blubber hormone monitoring is currently the only reliable 
method for examining their endocrinology. For these species, the potential impact of sampling-
related stress, from remote biopsying, on blubber cortisol measurements needs to be assessed.  
Cortisol and other adrenal hormones have been measured in the blubber of humpback whales 
(Kershaw et al., 2013, Mashburn and Atkinson, 2017) but have yet to be tested as possible measures 
of adrenal cortical function, as done for other cetacean (Kellar et al., 2015, Trana et al., 2016, 
Champagne et al., 2017) and pinniped species (Kershaw and Hall, 2016, Beaulieu-McCoy et al., 
2017). The first aim of this study was to therefore evaluate whether biologically relevant differences 
in blubber cortisol levels occurred between presumed ‘stressed’ and ‘healthy’ humpback whales. To 
address this aim, concentrations were compared between live whales and those that had died from a 
traumatic event or pathology. For two live-stranded whales, there was also the unique opportunity to 
see whether patterns in serum and blubber cortisol levels were similar, by comparing concentrations 
in paired samples. The second aim of this study was to then determine whether blubber cortisol 
levels varied within the live population, either due to seasonal or life history-related effects. To 
ensure that patterns in blubber cortisol levels were not influenced by the sampling technique, the 
effects of sampling-related variables were also considered.
5.3 Materials and methods 
5.3.1 Study sites and animals 
Live humpback whales from breeding stock ‘E1’ (east Australia population) were sampled in 2014 – 
2016 (n = 187). Samples were collected during the migration towards the tropical calving grounds 
(i.e. northern migration, in June/July) and the migration towards the Antarctic feeding grounds 
(i.e. southern migration, in September/October). In 2014 and 2015 southern migration sampling 
(n = 45) was undertaken as part of an associated project—the ‘Behavioural Response of Australian 
Humpback whales to Seismic Surveys’ (BRAHSS; see: Dunlop et al., 2015, Dunlop et al., 2016, 
Dunlop et al., 2017). The experimental group of whales in BRAHSS had been exposed to varying 
levels of seismic noise (a potential stressor). To eliminate the potential confounding effect this could 
have upon blubber cortisol levels, only ‘baseline’ whales that had not been exposed to the seismic 
airguns were used in this study. BRAHSS field seasons were conducted off the Sunshine coast, 
Queensland (QLD; ~ 26˚ 23’ 33” S, 153˚ 08’ 52” E). Separate dedicated field seasons were 
conducted during northern migrations (2015: n = 52; 2016: n = 58) and during the southern
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migration in 2016 (n = 32) off Nth Stradbroke Island, QLD (~27˚ 20’ 43” S, 153˚ 33’ 23” E). 
Deceased humpback whale blubber samples were sourced from several archived tissue collections 
around Australia (QLD Museum, QLD Department of Environment & Heritage Protection, Tasmania 
Department of Primary Industries Water and Environment, Taronga Zoo, Griffith University and 
SeaWorld Australia). These samples had been collected from breeding stock E1 whales (Table 5.1) 
over the last ten years. Some of these whales (n = 14) had initially live-stranded—two of which were 
sampled for blood—and then died from pre-existing pathology, stranding related effects, or after being 
euthanased (if the on-site veterinarian identified limited prospects for survival). Three whales were 
sampled after drowning in either commercial fishing nets or shark control program gear. The 
remaining samples were collected from stranded carcasses (n = 18).
Adult Juvenile Calf 
Live 
Male
34 10 - Female 
104 39 - 
Deceased 
Female 1 8 3 
Male 4 14 5 
5.3.2 Biological sample collection 
Biopsy sampling of live whales was opportunistic and was only undertaken on adults (> 12 m in 
length) and juveniles (8 – 12 m in length; Coughran and Gales, 2010). All whales were initially 
followed at a distance (50 – 150 m away) to identify group composition, general behaviour and 
individual markings (dorsal fin and fluke characteristics). Fine-scale behavioural follows, lasting 
2 – 5 hours, were conducted on target groups of whales during BRAHSS field seasons. Individuals 
within target groups were followed from multiple platforms (land-based and boat-based observer 
teams) and their behaviours recorded during each surfacing-event using an established ethogram 
(Kavanagh et al., 2017). In other field seasons, observations were limited to one hour. For all field 
seasons, the total time spent following within 50 m of a whale (‘encounter time’) and the number of 
times the vessel had to manoeuvre to within 20 m of the animal during sampling (a ‘close-
approach’) was recorded. Whales were close-approached a maximum of three times.
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Table 5.1: Sample sizes for live and deceased humpback whales of different demographic groups.
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Skin and blubber was collected from live whales using a remote biopsy system (PAXARMs New 
Zealand Ltd; Krützen et al., 2002), following the procedure described in previous chapters (see: 
Chapter 3 & 4). All sampling attempts were recorded on video using a small camera (GoPro or 
Canon D10) and individual reactions to sampling were judged on a 4-point scale (0: no reaction; 1: 
minor reaction, such as an accelerated dive; 2: moderate reaction, such as a fluke slap; 3: major 
reaction, such as breaching). All tissue samples were rinsed with distilled water after collection, 
placed into a labelled 5 mL plastic vial (LBSSP2002, ThermoFisher, Australia) and then stored in a 
cooler on ice (for 1 – 8 hours). Biopsy samples were transferred into -20°C at the end of the day. At 
the end of each field season (3 – 6 weeks), these samples were transferred to -80°C, where they 
remained stored until further processing. 
Two live-stranded whales were sampled for blood (within three hours of stranding) prior to their 
death. Blood was drawn from the dorsal surface of the fluke into a 20 mL syringe and then 
transferred into 9 mL serum separator clot activator Vacuette® tubes (Greiner Bio-One). Samples 
were then left to clot at room temperature for a minimum of 1 hour before centrifuging for 10 min 
at 3000 ×g. Serum fractions were aspirated and transferred into 2 mL cryovials (Nunc™, Australia), 
and then frozen at -20°C.  
For all deceased whales, basic morphological measurements (e.g. body length, width), notes on 
sample/carcass condition (per: Geraci and Lounsbury, 2005) and the time/location of sampling were 
recorded. A veterinary pathologist (Dr Karrie Rose, Taronga Zoo, Australia) also conducted 
necropsies on eight of these carcasses, providing information on their reproductive status and 
pathology. Blubber samples were surgically excised from all carcasses and either wrapped in 
aluminium foil or placed into sterile specimen containers (70 mL, Sarstedt, Australia) before 
freezing at -20°C. All deceased whale samples were transported (on dry ice) to the Wildlife 
Endocrinology Lab (The University of Queensland) and stored at -80°C until analysis. 
5.3.3 Life history class classification 
The age class of whales were classified using visual estimates (live whales) and direct 
measurements of body length (carcasses) as per Coughran and Gales (2010). In addition, some 
deceased whales were confirmed as calves via the presence of milk within their stomachs. 
The sex of live whales was determined by testing for ZFX/ZFY gene segments in skin samples (as 
per: Morin et al., 2005). For deceased whales, sex was determined using these genetic techniques 
or via visual inspection of the positioning of the anal and urogenital slits, and the presence/absence 
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of a hemispherical lobe, at the time of sampling. All genetic analyses were performed by the 
Animal Genetics Lab (the University of Queensland) and the Australian Antarctic Division. 
For the purposes of this study, all live whales that were sampled were further classified into gross 
life history groups: juveniles (of either sex), adult males, lactating females or ‘non-lactating adult 
females’. Lactating females were identified by the presence of a calf, which consistently swam 
within close proximity (< 10 m) of the adult, and showed synchronous surfacing and diving 
behaviour. 
5.3.4 Steroid hormone extraction 
In Chapter 4 blubber cortisol levels were found to be artificially elevated in samples that showed 
signs of tissue degradation. Consequently, any degraded samples were excluded from this study. 
Steroids were extracted from all blubber samples (0.1 ± 0.005 g) using the organic solvent 
extraction described in previous chapters (see: Chapter 2 – 4). The final steroid hormone residue 
from each sample was reconstituted in 0.5 mL of assay buffer (NaH2PO4 [5.42 g], Na2HPO4 [8.66 
g], NaCl [8.70 g], BSA [1.00 g], ProClin 150 [1 mL], H2O Mili-Q [1000 mL], pH [7.0]) and frozen 
at -80°C for up to three weeks until analysis. 
5.3.5 Hormone analysis 
Blubber hormone extracts, and two un-extracted serum samples, were analysed for cortisol levels 
using the enzyme-immunoassay (EIAs) described in previous chapters (see: Chapter 2 – 4) and 
detailed elsewhere (Munro and Lasley, 1988). The antibody used in this assay (R4866, Coralie 
Munro, UC Davis) cross-reacts with several metabolites (see: Young et al., 2004). Therefore, a 
reference to measured levels of ‘cortisol’ in this study includes the parent hormone and its 
metabolites. Parallel displacement of serially diluted blubber extracts relative to the standard curve 
was identified (Appendix 1; R2 = 0.98). Inter-assay coefficients of variation (CVs) for high controls 
were 9.3% and for low controls were 17%. Results were accepted if intra-assay (duplicate well) 
CVs were < 10%. Cortisol concentrations were expressed as nanogram of hormone per gram of 
blubber (dry weight). 
5.3.6 Statistical analyses 
Statistical analyses were undertaken using R version 3.4.0 (R Development Core Team [2017]). 
Summary statistics are reported for groups of interest (life history classes, migration direction, etc.) 
as mean ± standard error (SE). Statistical significance was set at p levels < 0.05. 
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The first objective was to test whether blubber cortisol levels differed between whales that 
experienced severe, prolonged trauma resulting in death (i.e. presumed ‘stressed’) and those that 
were considered to be relatively ‘healthy’ (i.e. live, no external signs of pathology). Samples from 
deceased calves (n = 8) were excluded from this analysis, as no live calves had been sampled (due 
to permit restrictions). Life history and migratory-related effects on blubber cortisol levels were 
expected to be too small to influence comparisons between ‘stressed’ and ‘healthy’ whales. 
Therefore, data from males and females, juveniles and adults and both migrations were pooled. 
Cortisol levels were compared between live and deceased whales using a one-way (Fisher-Pitman) 
permutation test, due to a non-normal distribution and inequality of variances. The null distribution 
for the test-statistic was generated through data resampling (10 000 Monte Carlo resamples) using 
the ‘coin’ package (Hothorn et al., 2008).
For live whales, a generalised linear model (GLM) was used to assess whether patterns in blubber 
cortisol levels were related to sampling procedures. Cortisol levels were examined using ‘encounter 
time’ and the number of ‘close-approaches’ required for sampling (i.e. one or multiple) as 
predictors. Following these validation checks, subsequent analyses were used to determine if 
blubber cortisol levels varied within the live population. A GLM was constructed to test whether 
blubber cortisol levels varied depending on when the whale was sampled (northern migration 
towards the breeding grounds or southern migration towards the feeding grounds) or the animal’s 
life history class. Both GLMs were fitted with a Gamma distribution and log-link function to 
account for the positive, right-skewed response data. Residuals for both models were examined for 
evidence of heterogeneity, autocorrelation, and over-dispersion. Coefficient estimates with 95% 
confidence intervals (CIs), standard errors, Wald t-values and associated p-values were presented 
for each parameter of the model. Likelihood-ratio tests were used to examine if a predictor, with 
more than two levels, had a significant impact on the fit of a model. Tukey’s tests were used, post-
hoc, to conduct comparisons between each level of a predictor variable. 
5.3.7 Ethics of experimentation 
The procedures used in this study were approved by the University of Queensland’s Animal Ethics 
Committee for Native/Exotic Wildlife and Marine Animals (approval number SVS/080/15/CEAL, 
CURTIN/SVS/152/14 and ANRFA/SVS/130/16), and were compliant with the requirements of the 
Animal Care and Protection Act 2001 (QLD, Australia), and the current Australian code for the 
care and use of animals for scientific purposes (National Health and Medical Research Council 
[NHMRC], 2013) and the Australian code for the responsible conduct of research (NHMRC, 
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2007). All sampling of humpback whales was undertaken under relevant Commonwealth of 
Australia permits (Cetacean Permit: 2014-0002, Access permit: AU-COM2014-246, AU-
COM2015-273), QLD scientific purposes permits (WISP15866815) and Moreton Bay Marine 
Parks permits (QS2015/MAN307, QS2016/MAN307). Deceased whale samples, and blood from 
live-stranded whales, were collected by other institutions under their own relevant state, and 
federal permits. 
5.4 Results 
Cortisol levels were quantifiable in blubber samples from all deceased and live humpback whales 
(Table 5.2). Measured concentrations were highly variable, spanning several orders of magnitude, 
primarily due to deceased whales (0.35 – 61.62 ng/g) rather than live whales (0.20 – 1.26 ng/g). 
With few exceptions, cortisol levels in these presumed ‘stressed’ whales were magnitudes higher 
than the levels found in the presumed ‘healthy’ whales (Table 5.2; Figure 5.1). Concentrations 
were highest and most variable in the blubber of deceased calves (12.21 ± 7.24 ng/g), which were 
not included in the statistical models. For adults and juveniles, the difference between live 
(0.50 ± 0.01 ng/g) and deceased whale concentrations (5.47 ± 0.87) was highly significant 
(z = 7.68, p < 0.001).  
The relationship between serum and blubber cortisol levels, in live-stranded whales (n = 2), could 
not be statistically evaluated due to a limited number of samples. However, the same individual did 
possess both a higher serum (44.98 ng/mL) and blubber concentration (12.94 ng/g) when compared 
to the other whale (serum: 12.84 ng/mL; blubber: 1.60 ng/g). The difference in concentration 
between these two whales varied between sample types, with approximately a four-fold difference 
in serum values and an eight-fold difference in blubber values.
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Table 5.2: Blubber cortisol levels (mean ± SE ng/g) for live and deceased humpback whales of 
different demographic classes. Sample size for each group presented in parentheses.
Figure 5.1: Blubber cortisol levels (ng/g) in live and deceased humpback whales. Hormone data 
were pooled from adults (live: n = 138; dead: n = 5) and juveniles (live: n = 49; dead: n = 22), 
males (live: n = 143; dead: n = 23) and females (live: n = 44; dead: n = 12), and from across all 
sampling periods. Concentrations represented on a log10 scale. Boxplot displays median value and 
interquartile range, with whiskers representing values within the 1.5 × interquartile range. Values 
beyond this range plotted as individual points.* Significantly higher (p < 0.05) cortisol levels.
Sex (n) Age class (n) Blubber cortisol (ng/g) 
Deceased whales 7.01 ± 1.77 
Female (12) Adult (1) 6.28 
Juvenile (8) 4.33 ± 0.96 
Calf (3) 22.83 ± 19.42 
Male (23) Adult (4) 5.69 ± 2.90 
Juvenile (14) 6.00 ± 1.42 
Calf (5) 5.84 ± 2.53 
Live whales 0.50 ± 0.01 
Female (44) Adult (34) 0.53 ± 0.03 
Juvenile (10) 0.55 ± 0.07 
Male (143) Adult (104) 0.52 ± 0.02 
Juvenile (39) 0.51 ± 0.03 
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There was some variability in sampling procedures and, therefore, the behavioural responses of live 
whales. During close-approaches for biopsy sampling, most whales displayed some type of short-
term avoidance behaviour, such as a change in course, dive times or swim speed. When the vessel 
approached at a slow speed (< 5 knots), or was idle and the animal’s surfaced within biopsy range, 
the surfacing-diving behaviour of a whale was not usually disrupted. When the vessel approached at 
speeds between 5 and 15 knots (a ‘chase’ scenario) there were significant changes in some 
behaviours. Despite this variability in sampling procedures and the associated behavioural 
responses of whales, there was no significant evidence of sampling-related effects on blubber 
cortisol levels (Figure 5.2). Neither ‘encounter time’ nor the number of ‘close-approaches’ was a 
significant predictor of cortisol concentrations (p = [0.83, 0.68], respectively). 
Figure 5.2: Blubber cortisol levels (ng/g) in live humpback whales sampled after different 
encounter times and following either one or multiple (two or three) close approaches for 
sampling. Data presented for adults (n = 138) and juveniles (n = 49), and males (n = 143) and 
females (n = 44), across all sampling periods. Relationships between cortisol levels and these 
sampling-related variables were examined using a generalised linear model. ‘Encounter time’ and 
the number of sampling attempts did not have a significant effect on concentrations. 
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Three male humpback whales, which were all sampled during the northern migration, had markedly 
higher cortisol concentrations (1.20 ± 0.05 ng/g) than all other live whales that were sampled  
(0.51 ± 0.08 ng/g). There were no external physical (e.g. poor body condition) or behavioural 
abnormalities noted for these individuals. However, in Chapter 4, the same individuals had been 
noted as possessing higher blubber testosterone levels (1.29 ± 0.12 ng/g) than most other adult 
males (0.99 ± 0.08 ng/g). As these individuals were considered to be significant outliers (based on 
Cook’s distances), they were removed from the subsequent analysis. For the remaining live whales, 
blubber cortisol levels were slightly, yet significantly, higher in animals sampled during the 
northern migration (0.54 ± 0.02 ng/g, p = 0.016; Figure 5.3) when compared to those sampled 
during the southern migration (0.48 ± 0.14 ng/g). Consequently, the removal of ‘season’ as a 
predictor had a significant impact on the fit of the GLM (Table 5.3). Life history class, on the other 
hand, did not have a significant effect on cortisol levels in live humpback whales (Table 5.3). Mean 
blubber cortisol levels were similar for lactating females (0.53 ± 0.04 ng/g), non-lactating adult 
females (0.52 ± 0.03), adult males (0.50 ± 0.01 ng/g) and juveniles (0.52 ± 0.02 ng/g). 
Figure 5.3: Blubber cortisol levels (ng/g) during the northern migration towards the tropical 
calving grounds and the southern migration towards the feeding grounds for different life 
history groups of live humpback whales (adult males [a.], juveniles [b.], non-lactating adult 
females [c.], lactating females [d.]). Each boxplot displays median value and interquartile range, 
with whiskers representing the highest and lowest values within the 1.5 × interquartile range. 
Values beyond this range plotted as individual points. Overall effect of migration was significant  
(p = 0.016). Blubber cortisol levels did not differ between life history groups (all p > 0.05).
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Table 5.3: Relationship between blubber cortisol levels in live humpback whales and 
migrational and life history-related effects examined using a GLM. Model estimates with 95% 
CIs and associated probabilities presented for each parameter. Likelihood-ratio (LR) test values and 
probabilities presented for each predictor. 
Coefficient LR test 
Estimate CIs  (lower, upper) SE
Wald 
t-value p-value 
χ 2 p-value
Intercept -0.64 -0.77, -0.49 0.07 -9.05 < 0.001 - - 
Season 15.09 0.00010 
Southern migration 
(relative to northern migration) -0.14 -0.23, -0.06 0.04 -3.22 0.016
Life history class 4.45 0.22 
Lactating female 
(relative to non-lactating adult female) 0.13 -0.06, 0.32 0.10 1.30 0.19 
Adult male 
(relative to non-lactating adult female) < 0.01 -0.15, 0.15 0.08 0.06 0.95 
Juvenile 
(relative to non-lactating adult female) < 0.01 -0.15, 0.16 0.08 0.12 0.90 
5.5 Discussion 
There are currently few non-lethal methods available to measure the physiological status of baleen 
whales. Here, we examined whether blubber cortisol analysis (from samples collected through 
remote biopsying) could be used to monitor adrenal cortical function in humpback whales. We 
found that blubber cortisol levels were sensitive to large changes in adrenal condition that occur 
when animals experience a severe stress event such as stranding. Concentrations were up to fifty 
times higher in deceased whales than in live, presumably healthy whales. Blubber cortisol levels in 
deceased whales were, however, highly variable, which was likely a result of differences in the 
events leading up to each individual’s death (e.g. pre-existing pathology, duration of injury prior to 
death). Given the results of Chapter 4, which identified that blubber cortisol measurements were 
influenced by degradation and delays in sample freezing, this variability could also relate to the 
collection and handling of samples. In live whales, variation in cortisol levels was predominantly 
related to the timing of sampling, with higher concentrations observed in whales sampled during the 
northern (towards the breeding grounds) than in the southern migration (towards the feeding 
grounds); a potential chronic change in adrenal condition that is possibly related to the added 
physiological and social pressures of breeding. In contrast, there were no significant differences 
found between life history classes. Each life history class is likely challenged by its own unique set 
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of physiological and psychological demands, but these stressors may not be detectable when using 
blubber cortisol as the measure of stress. Blubber cortisol measurements were insensitive to 
sampling effects, as found previously for other cetaceans (Kellar et al., 2015, Trana et al., 2016). 
Overall, the results of this study suggest there is the potential to use remote biopsying and blubber 
cortisol analysis to evaluate long-term changes in the adrenal condition of live humpback whales.
Blubber cortisol levels were particularly elevated in whales that experienced a prolonged death. For 
instance, the highest measurement (61.62 ng/g) was recorded in a sampled collected from a whale 
that died three days after it first stranded. Animals that experienced rapid deaths (e.g. drowning 
during entanglement) may have possessed similar circulating cortisol levels to these animals but 
the time between the onset of a stressor and death was probably too brief for their blubber to have 
completely assimilated the increased levels of circulating cortisol. Indeed, concentrations in one 
juvenile whale that was euthanased within hours of stranding were only marginally higher than the 
highest live whale value. When compared to another live-stranded whale, this animal's serum 
cortisol concentration did appear slightly lower but not by enough to account for the unexpectedly 
low blubber concentration. Instead, it is most likely that blubber cortisol levels had failed to reach 
peak concentrations prior to the animal's death and sampling. At present we do not have accurate 
estimates for the lag time between the secretion of hormones into circulation and their 
accumulation into the blubber of cetaceans, particularly for humpback whales. This information is 
difficult to obtain through studies on wild animals. A current research priority is to therefore 
conduct repeated sampling of captive individuals for particular hormones of interest, including 
cortisol, progesterone (for pregnancy detection) and oestrogens (potentially for oestrus detection), 
following injection of a hormonal precursor or radiolabelled hormone. 
Determining the source of variation in deceased whale blubber cortisol levels is difficult as 
information on pre-existing pathology, cause and duration of mortality, and the time delay between 
the onset of stressor and sampling, was not available for most animals. In addition to whales that 
experienced prolonged deaths, cortisol levels were particularly elevated in deceased calves. An 
emerging theory in human medicine is that cortisol can be transferred from a mother to her young 
via the milk (Benjamin Neelon et al., 2015). While this could potentially explain why ‘stressed’ 
calves displayed even higher cortisol levels than ‘stressed’ adults or juveniles, there is currently no 
data to support this theory for cetaceans. As such, the possibility that calves simply possess higher 
baseline cortisol levels or a more varied glucocorticoid-mediated stress response cannot be 
excluded. The results of chapter 4 also suggest that variability in deceased whale blubber cortisol 
levels could be due to the decomposition of samples or freezing delays. Further, blubber steroid
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et al., 2017). Deceased whale blubber cortisol levels are therefore likely influenced, to some extent, 
by both the factors leading up to, and following, an animal’s death. Overall, differences in blubber 
cortisol levels between live and deceased whales were likely derived from the extreme 
physiological demands experienced by ‘stressed’ whales rather than any sampling- or handling-
related effects.
In our attempt to evaluate adrenal cortical function in live whales, a critical step was to also 
examine the potential impact of sampling on blubber cortisol levels. The results here suggest any 
acute stress that was caused by remote biopsy sampling did not have a measurable impact on 
concentrations in these animals. Behavioural reactions to sampling were also short-lived (minutes 
long) and similar to previous observations for this species (Brown et al., 1994, Stimpert et al., 2012, 
Williamson et al., 2016). Individual reactions were most pronounced when a dart missed the animal 
and impacted the water, when throttle changes were made near to the whale, and when the vessel 
travelled at higher speeds, particularly in rougher sea conditions (> Beaufort sea state 3). It is 
therefore likely that these stronger behavioural reactions were a response to significant changes in 
the acoustic environment. Sampling may have caused a small rise in blubber cortisol levels, which 
was either undetectable at the given sample size or masked by other factors that were not assessed 
(e.g. health, differences in baseline levels). Alternatively, there may have not been sufficient time 
for spikes in circulating cortisol to have accumulated in blubber at the time of sampling. In either 
case, sampling-related effects were unlikely to have severely influenced our ability to detect more 
chronic patterns in the blubber cortisol levels of live humpback whales. 
The season when a live whale was sampled was the strongest determinant of its blubber cortisol 
levels, with the highest concentrations observed during the winter, northern migration. Adult males 
were the primary cause of this pattern. However, identifying any one reason for this seasonality is 
difficult, as the biological, physical and chemical characteristics of a humpback whale’s 
environment change immensely throughout their migration. In some odontocetes, cortisol levels 
increase during winter, potentially to support the increased energetic demands of thermoregulation 
(Orlov et al., 1988, Suzuki et al., 2003, Funasaka et al., 2011). This is not expected to be a relevant 
factor for humpback whales, which migrate into warmer waters during winter and inhabit frigid 
polar waters for a large portion of the year. Samples from whales migrating towards the breeding 
grounds were mostly collected during the ‘peak’ of the migration, when the highest density of 
whales, particularly adult males, are encountered (Chittleborough, 1965, Brown et al., 1995).
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This season also coincides with the reported timing of when most females ovulate (Chittleborough, 
1954, Chittleborough, 1958). Given that humpback whales demonstrate a polygynous or 
promiscuous mating system (Clapham, 1996), it is possible that higher cortisol levels in northerly 
migrating whales, but particularly adult males, could relate to increased social and physiological 
demands during peaks in courting, competition or breeding. Indeed, a similar pattern was observed 
for captive bottlenose dolphins in Chapter 2, with blubber and serum cortisol levels peaking during 
the period when most oestrous cycles and mating activity occurred. Further, many other mammals 
with competitive or coercive type mating systems have also demonstrated similar breeding season 
increases in glucocorticoid levels (Strier et al., 1999, Lynch et al., 2002, Muller et al., 2007, Pavitt 
et al., 2015). Additional sampling of adult whales in known breeding areas is required to clarify 
whether these trends in cortisol levels relate to humpback whale breeding activity or to some other 
factor. 
While there are certain daily stressors that affect all animals in a population, there are also unique 
pressures experienced by individual life history groups. For humpback whales, these distinct 
physiological and psychological demands do not seem to manifest in life history related trends for 
blubber cortisol levels. This finding is similar to a previous report for this species (Kershaw et al., 
2013) and several studies on other marine mammals (Kellar et al., 2015, Trana et al., 2016, 
Beaulieu-McCoy et al., 2017). However, it differs from the results of Mashburn and Atkinson 
(2017), where sex related differences in cortisol and corticosterone release were apparent. This 
particular difference could relate to how the assays used in each study cross-react with other 
structurally similar glucocorticoid metabolites. The ability to detect some subtle patterns in blubber 
hormone levels, such as life history-related trends, might therefore depend on the type and 
preparation of antibodies used in immunoassays. 
For baleen whales, the energetic costs of lactation are reportedly higher than those experienced by 
any other life history group (see: Lockyer, 1987a, Lockyer, 1987b, Miller et al., 2012). The body 
condition of humpback whales in early lactation, which have already undertaken a journey of 
several thousand kilometres while gestating and fasting, is therefore known to be poorer than for 
other whales (Christiansen et al., 2016). There was not, however, significant higher levels of 
blubber cortisol in whales that had these added energetic demands of lactating while fasting. 
Concentrations were slightly higher in lactating females sampled later in the breeding season 
(i.e. the southern migration), suggesting that there may be some link between body condition and 
cortisol levels in humpback whales. However, other anatomical and physiological measures, such as 
girth measurements (Christiansen et al., 2016), lipid and fatty acid profiles (Waugh et al., 2012), 
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stable isotope signatures (Bengtson Nash et al., 2018) and potentially, thyroid hormone 
concentrations, are probably better suited for detecting low-level nutritional stress in this species. 
Identifying the impacts of anthropogenic threats on the health and reproductive performance of the 
Australian humpback whale populations is a regional research priority. Despite the rapid increases 
in abundance observed for both the east and west Australia populations (Noad et al., 2011, Salgado 
Kent et al., 2012), there are several conservation concerns. For the east Australia population, there 
may be a downward trend in body condition (Bengtson Nash et al., 2018). Further, in the west 
Australia population, there has been significant increases in calf and juvenile mortality rates over 
the last 15 years (Holyoake et al., 2012). These factors could be a result of increased resource 
competition as these populations approaching estimates for carrying capacity (Bannister et al., 
2008, Coughran et al., 2014), which would be further intensified by the widespread harvesting of 
Antarctic krill stocks (Euphausia superba; Nicol et al., 2008, Nicol et al., 2012). More alarming, 
however, is the possibility that increased juvenile and calf mortality in the west Australia population 
is, to some extent, a result of the rapid emergence of industrial activity within their breeding and 
calving areas (discussed in: Braithwaite et al., 2012). Identifying whales that are suffering from 
chronic adrenal stress and the potential impacts this has on their overall health, body condition and 
reproductive performance, is a critical research area for these populations. 
In sum, blubber cortisol levels appear to be a useful indicator of the gross changes in humpback 
whale adrenal physiology that occur in times of severe, chronic stress. As concentrations do not 
appear influenced by acute sampling-related stress, there is also the potential to monitor more subtle 
chronic changes to the adrenal condition of live whales. The inclusion of additional physiological 
(e.g. ACTH, aldosterone, thyroid hormones, lipid profiles) and behavioural measures (e.g. changes 
in vocalisation rates and swim speeds) would provide a more complete understanding of the socio-
physiological stress experienced by humpback whales. An essential next step is to obtain improved 
estimates for the assimilation of these hormones into the blubber of cetaceans, and their subsequent 
clearance rates. Most wild cetaceans cannot be repeatedly sampled or safely administered with a 
HPA stimulant, such as ACTH, hydrocortisone or dexamethasone. Therefore, these physiological 
validations need to be conducted using ex situ populations. Overall, this study is an important step 
forward in the development of non-lethal methods to monitor the health of baleen whales. 
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6.1 Abstract 
For most cetacean species there is little known about the relationship between an individual’s 
behaviour and its physiology. Examining these links is particularly problematic for most baleen 
whales due to the difficulty of collecting biological samples and high quality behavioural 
observations from these species. Humpback whales (Megaptera novaeangliae) can, however, be 
reliably sampled using remote biopsy systems and their behaviour has been well described. This 
study therefore focussed on examining potential links between the endocrine and social status of 
humpback whales. The first objective was to test whether a female’s social state (i.e. escorted by a 
male or not) is influenced by her reproductive status and endocrine condition. The second objective 
was to see whether male dominance ranking is related an individual's testosterone levels. To 
achieve this, skin and blubber biopsies were collected from the east and west Australian humpback 
whale populations in 2010 – 2016 (n = 252) at multiple times throughout the winter-spring breeding 
season. Steroid hormones were extracted from blubber and concentrations of progesterone (a 
marker of pregnancy status), testosterone and oestradiol (a potential marker of ovarian activity) 
measured using enzyme-immunoassays. Adult males typically escorted females with elevated 
blubber oestradiol levels (mean ± SE: 1.96 ± 0.25 ng/g; p = 0.014) but not those likely to be 
pregnant (p = 0.083). Lone females, those with a calf, and those in a group with another female had 
relatively low blubber oestradiol levels (0.56 ± 0.06 ng/g) and may have been in anoestrus. Within 
mixed-sex groups, principal escorts—the dominant males—had significantly higher testosterone 
levels (1.43 ± 0.20 ng/g) than secondary escorts (0.69 ± 0.06 ng/g). Results suggest that males are 
likely competing for access to relatively few sexually receptive females, potentially those with high 
levels of oestradiol, and that testosterone may contribute to male dominance sorting. Overall, it 
appears that humpback whales possess associated reproductive patterns whereby an individual’s 
behaviour is influenced, in some part, by seasonal changes to the activity of their gonads. 
Key words: Humpback whale, blubber, hormone, social structure, breeding 
6.2 Introduction 
The behaviour of animals can often be linked directly to their physiology, particularly in species 
with associated reproductive patterns. Such links are often present in seasonal breeders, where 
changes to the testes (in males) and ovaries (in females) can influence the activity of the nervous 
system. For instance, testosterone (T) secreted from the testes, which is necessary for 
spermatogenesis, can lead to higher levels of male aggression (Wingfield et al., 1990,  
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Klukowski and Nelson, 1998, Gould and Ziegler, 2007). This strong and dynamic relationship  
between male testosterone levels and aggression has been observed for numerous seasonally 
breeding species and is referred to as the ‘challenge hypothesis’ (Wingfield et al., 1990). On the 
other hand, for females, the secretion of oestrogens, which are necessary for follicular 
development, often leads to receptive-type behavioural displays (Davidson et al., 1968, 
Karsch et al., 1980, Findlay et al., 2002). Collecting endocrine information can therefore help to 
reveal the motivation for an animal to display a particular behaviour.
As the reproductive physiology of baleen whales has traditionally been limited to post-mortem 
examinations (Chittleborough, 1954, Chittleborough, 1955, Chittleborough, 1958), it is unknown 
whether these species follow associated or dissociated patterns of reproductive behaviour. Given 
the emergence of several non-lethal endocrine-monitoring techniques, it is now possible to test for 
such relationships in many of these species (Amaral, 2010, Hunt et al., 2013). Pregnancy status, for 
instance, can be diagnosed for several baleen whales, including humpback whales (Megaptera 
novaeangliae), by measuring progesterone (P4) levels in faeces (Rolland et al., 2005, Hunt et al., 
2006) or blubber (Mansour et al., 2002, Kellar et al., 2013, Clark et al., 2016, Pallin et al., 2018). 
Blubber T levels have also been found to vary seasonally in male humpbacks (Vu et al., 2015), 
mirroring known patterns in testicular activity (Matthews, 1937, Chittleborough, 1955). Non-lethal 
endocrine techniques have already been used to describe links between the reproductive behaviour 
and physiological status of some captive dolphins (Muraco and Kuczaj, 2015). The next step is to 
establish whether links between hormone levels and reproductive behaviour can also be detected in 
wild species. 
The humpback whale has one of the most diverse and well-studied behavioural repertoires of all 
baleen whales (Clapham, 1996, Stimpert et al., 2012), and has been sampled extensively for tissue 
biopsies over the last three decades (Brown et al., 1994, Darling and Bérubé, 2001, Cantor et al., 
2010). The behaviour of humpback whales during the breeding system is typical of a promiscuous 
or polygynous-type mating system, with observations of intense male-male competition for 
females, and with females mating with different males over successive years (Clapham, 1996, 
Clapham and Palsboll, 1997). A polygynous mating system is further supported by widespread 
observations of males guarding or ‘escorting’ adult females (Mobley and Herman, 1985, Glockner-
Ferrari and Ferrari, 1990). Some features of a lek-based system are also present, with males 
‘singing’ low frequency, complex songs throughout the breeding season (Payne and McVay, 1971), 
probably as a sexual display (Winn and Winn, 1978, Tyack, 1981, Frankel et al., 1995). The 
frequency of each of these behaviours varies throughout a year (Winn and Winn, 1978, Tyack and 
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Whitehead, 1983, Brown and Corkeron, 1995, Kowarski et al., 2018), which could be tied to 
changes in reproductive physiology. As of yet, there have been no attempts to correlate patterns of 
male behaviour with measures of testicular activity throughout the year. Similarly, for females, 
there is a lack of physiological evidence to support widespread suggestions that females travelling 
with ‘competitive groups’ (see: Tyack and Whitehead, 1983) are in oestrus (Darling et al., 1983, 
Mobley and Herman, 1985, Clapham et al., 1992). Comparing the endocrine profiles and behaviour 
of individual humpback whales may improve our ability to estimate their reproductive condition 
and describe their mating systems. 
There are several features of the Australian humpback populations that are particularly appealing 
when investigating potential links between humpback whale behaviour and endocrinology. In 
particular, both populations are at high abundance (Noad et al., 2011, Salgado Kent et al., 2012) and 
have well-described distributions and reproductive behaviour (Dunlop, 2016, Dunlop and Noad, 
2016, Kavanagh et al., 2017). Given this vast amount of background information in terms of their 
reproductive behaviour, the objective of this study was to identify potential links between a whale’s 
blubber steroid hormone levels and its social group during the breeding season. Firstly, to ensure 
that our blubber hormone measurements are valid, expected patterns in sex steroid hormone levels 
(e.g. differences between age classes and sexes) were evaluated. Next, links between social states 
and hormone levels were examined for both male and female whales. This study is the first to 
explore potential relationships between the reproductive physiology and behaviour of humpback 
whales, with the purpose of increasing our understanding of the motivation behind several of their 
breeding-season behaviours. 
6.3 Materials and methods 
6.3.1 Study animals 
Humpback whales from the east Australia (breeding stock ‘E1’) and Western Australia (WA) 
populations (breeding stock ‘D’) were sampled (n = 229). Sampling of breeding stock D (n = 31) 
was undertaken during the southern migration towards the feeding grounds in September/October 
2013 (Figure 6.1). Breeding stock E1 was sampled in Queensland (QLD) in 2014 – 2016, during 
both the southern migration (towards the feeding grounds) and the northern migration towards the 
tropical calving grounds (Figure 6.1). Additional samples from breeding stock E1 (n = 23) were 
also sourced from the Cetacean Ecology and Acoustics Laboratory (CEAL) at the University of 
Queensland (UQ). These samples had been collected during previous southern migrations in 2010 
and 2011 and on the tropical calving grounds in the Great Barrier Reef in 2016 (Figure 6.1). 
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Figure 6.1: Approximate locations of sampling for breeding stocks ‘D’ (pink) and ‘E1’ (green) 
humpback whales. Breeding stock D sampled (n = 31) off Dongara, Western Australia (a.) during 
the southern migration in September/October 2013. Breeding stock E1 sampled off Sunshine Coast, 
QLD (b.), Nth Stradbroke Island, QLD (c.) and in the Great Barrier Reef, QLD (d.). Southern 
migration sampling was conducted in September/October in 2010-2016 off the Sunshine Coast 
(n = 62) and off Nth Stradbroke Island (n = 33). Northern migration sampling was conducted in
June/July 2015 and 2016 off Nth Stradbroke Island (n = 113). Sampling on the tropical calving 
grounds occurred in August 2016 in the Great Barrier Reef (n = 13).
6.3.2 Behavioural observations and social classifications 
Humpback whales were observed and sampled from a small research vessel and were usually 
encountered opportunistically. Targeted sampling of females with calves, and their escorts, was 
conducted in some field seasons (southern migrations 2013 – 2015) as part of an associated project, 
known as the ‘Behavioural Response of Australian Humpback whales to Seismic Surveys’ (i.e. 
BRAHSS; Dunlop et al., 2015). 
Whales were followed by the vessel, at distances between 10 – 70 m, in order to observe individual 
and group behaviours. These observation period lasted anywhere from 20 min up to 5 hours 
depending on the field season. During this behavioural observation period, the age class of each 
whale was classified based on visual estimates of body length (see: Coughran and Gales, 2010).
Chapter 6: The reproductive behaviour and endocrinology of humpback whales (Megaptera 
novaeangliae) 
138 
The social structure of whales was also described using previously established definitions 
(Table 6.1). Changes to social structure were recorded throughout the encounter. Classification 
criteria for social structure included the number of whales in the group, the age class and sex of 
each individual (determined a posteriori through genetic testing of skin), and behaviour (e.g. types 
of displays, swimming speeds and dive times; Table 6.1). A key proviso of these classifications was 
that if an adult female was observed with a male at any time in the encounter it was considered to 
be an ‘escorted female’. Similarly, adult males that were observed with an adult female at any stage 
of our observations were classified as an ‘escort’, and those observed ‘singing’ at any time were 
classified as ‘singers’. 
During the southern migrations in 2014 and 2015, singing humpback whales were identified, and 
tracked in real-time, using a hydrophone array (see: Noad et al., 2004). This array was anchored 1.5 
to 2.5 km off the coast of Peregian Beach, QLD. An onshore base station received sound signals 
transmitted from the hydrophones. The location of singing whales was estimated using time-delay 
calculations (i.e. cross-correlating the same sound as it arrived at the different hydrophones with 
known positions) via the software Ishmael (D. Mellinger, Oregon State University). The estimated 
position of a singing whale was then communicated to the on-water sampling team where it was 
sampled upon surfacing. 
6.3.3 Biopsy sample collection 
Biopsy sampling commenced after the initial behavioural follow, using the same methods described 
in previous chapters (see: Chapter 3 – 5). Tissue biopsies were collected from adult (> 12 m in 
length) and juvenile (7 – 12 m in length) humpback whales using a remote biopsy system 
(PAXARMs New Zealand Ltd; Krützen et al., 2002). After collection, tissue samples were rinsed 
with distilled water, stored in 5 mL polystyrene tubes (LBSSP2002, ThermoFisher, Australia), 
placed briefly on ice (1 – 8 hours) and then transferred to -20°C. Slough skin samples were also 
collected off the surface of the water for members of a group that were not biopsy sampled. All 
tissue samples were then transferred into -80°C at the end of a field season (3 – 6 weeks duration). 
Genetic tests were conducted on all skin samples in order to determine the sex of each whale (as 
per: Morin et al., 2005). These analyses were performed by the Animal Genetics Lab (UQ) and the 
Australian Antarctic Division. 
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Table 6.1: Humpback whale social classes and behavioural states with definitions and sample sizes. 
Type Sample size Definition Reference 
Juveniles Female: 10 Male: 54 Female or male animal 7 – 12 m in length travelling alone, in pairs, or in a small group (< 4 whales) 
a, b 
Adult females 
Singleton, female-calf 
pair or female dyad 20 Adult female (> 12 m in length) travelling alone, with a calf (i.e. lactating) or with another adult female. 
a, c 
Escorted adult female 35 
Adult female either with or without a calf being closely followed by one or more adult males (escorts). 
Relatively consistent surfacing and diving behaviour when there are less than three escorts. Females may be 
pursued by a ‘competitive group’ of males (> 3 males), resulting in more erratic surfacing-diving behaviour. 
d, e, f, g 
40 Adult male travelling either alone or with one or two other adult males, typically without displaying agnostic interactions and generally with a stable course, swim speed and dive time. 
a, g 
5 h, i, j, k 
0 
Stationary or slow moving lone adult male that ‘sings’ while underwater during prolonged dives (> 10 min). 
As per singing ‘Lone singing male’ but travelling with a female or female-calf pair a, j, l 
40 
Adult male travelling in close proximity to a female (with or without a calf). Principal escort is usually 
below the female when stationary or alongside when swimming. In groups with more than one male, the 
principal escort is situated closest to the female and often rebuts approaches from other males in the group 
(secondary escorts). When group size exceeds four whales a ‘competitive group’ typically forms, leading to 
bursts of high-speed swimming (in excess of 10 knots), rapid surfacing/diving, erratic course changes and 
agonistic interactions, such as mounting and underwater blows, between the principal escort and one or 
several challengers (secondary escorts). 
f, a, m, g 
Adult males 
Singleton  
or male dyad/trio 
Lone ‘singing’ male 
‘Singing’ escort 
Principal escort 
Secondary escort 48 
Adult male in a group containing at least two adult males and one adult female. Positioned further from the 
female than the principal escort. Occasionally involved in challenging the principal escort. Departs from 
existing, or joins new, mixed-sex groups more frequently than principal escorts. 
f, a, m, g 
References:
 a
Darling 1983; 
b
 Coughran and Gales 2010; 
c
 Gabriele 1992; 
d
 Whitehead 1983; 
e
 Brown and Corkeron 1995; 
f
 Tyack and Whitehead 1983; 
g
 Clapham 
et al. 1992; 
h
 Payne and McVay 1971; 
i
 Winn et al. 1973; 
j
 Darling and Bérubé 2001; 
k
 Noad and Cato 2007; 
l
 Smith et al. 2008; 
m
 Mobley and Herman 1985. 
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6.3.4 Steroid hormone extraction 
Steroid hormones were isolated from blubber using an organic solvent extraction method as 
described in previous studies and chapters (see: Chapter 2-5; Kellar et al., 2006, Trego et al., 2013). 
The final hormone extract was reconstituted in 0.5 mL of assay buffer (NaH2PO4 [5.42 g], 
Na2HPO4 [8.66 g], NaCl [8.70 g], BSA [1.00 g], ProClin 150 [1 mL], H2O Mili-Q [1000 mL], pH 
[7.0]) and frozen at -80°C until analysis. 
6.3.5 Hormone analysis 
Blubber extracts were analysed for steroid hormone levels using the enzyme-immunoassays (EIAs) 
described in previous chapters (see: Chapter 2-5). The antibodies used in each EIA (CL425 [P4], 
R156/7 [T], R9472 [E2], R4866 [F], Coralie Munro, UC Davis) are known to cross-react with 
several hormone metabolites (see: Young et al., 2004, Thompson et al., 2012, Knott et al., 2013) 
that are likely to be present in cetacean blubber (see: Boggs et al., 2017, Hayden et al., 2017). 
Therefore, unless stated otherwise, a reference to ‘steroid’ or ‘hormone’ levels denotes the 
concentration of a parent hormone and its metabolites. Parallel displacement of serially diluted 
blubber extracts, relative to the standard curves, was demonstrated for all hormones (Appendix 1; 
P4: R2 = 0.96, T: R2 = 0.97, E2: R2 = 0.97). Individual results were accepted if intra-assay 
(duplicate well) coefficients of variation (CVs) were < 10%. Inter-assay CVs for high concentration 
controls were: 6.8% (P4), 9.6% (T) and 7.2% (E2). Inter-assay CVs for low concentration controls 
were: 17% (P4), 16% (T) and 15% (E2). Concentrations were expressed as nanogram of hormone 
per gram of blubber (dry weight). 
6.3.6 Statistical analyses 
Statistical analyses were undertaken using R version 3.4.0 (R Development Core Team [2017]). 
Summary statistics were reported as mean ± standard error (SE). P values < 0.05 were considered 
statistically significant. 
To ensure that our hormone measurements were biologically relevant, concentrations of P4, T and 
E2 were compared between age classes and sexes. All hormones were compared simultaneously 
(multivariate response variable) using a permutational MANOVA (i.e. PERMANOVA; Anderson, 
2001) with sex, age class and their interaction as predictors. This model was run with type II sums 
of squares due to an unbalanced design, using the ‘RVAideMemoire’ package (Hervé, 2017). The 
null distribution for the test-statistic was generated via 10 000 random permutations of the data. 
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‘Homogeneity of multivariate dispersions’ was evaluated using distance-based tests (Anderson, 
2006) in the ‘vegan’ package (Oksanen et al., 2017). Mann-Whitney U tests were used as a pseudo-
post hoc test to highlight which particular hormones differed in concentration between each level of 
a predictor variable. 
A logistic regression was then used to determine if a female’s blubber E2 levels and reproductive 
status (i.e. presumed pregnant or non-pregnant, lactating or not lactating) was a significant predictor 
of whether she would be escorted by a male or ‘unescorted’ (travelling alone, with a calf only, or 
with another female). A blubber P4 level of 5 ng/g—the minimum pregnancy threshold identified 
in a previous study (Clark et al., 2016)—was used as a criterion for estimating which females were 
likely to be pregnant. Lactational status was classified by the presence or absence of a calf 
travelling in close proximity to the female. A second model was then used to assess whether a 
male’s social status (i.e. principal or secondary escort) was related to his blubber T levels. To 
account for the seasonal variability in T concentrations (see: Vu et al., 2015), blubber T was treated 
as nested factor within each month of sampling. All logistic regressions were fitted via maximum 
likelihood estimation. Model performance was evaluated using three metrics: MacFadden’s pseudo-
R2 values, with a strong fit indicated by a value between 0.2 – 0.4 (McFadden, 1973, Backhaus et 
al., 2000, Louviere et al., 2000); Hosmer–Lemeshow goodness-of-fit tests (Hosmer and Lemeshow, 
1980); and, Receiver Operating Characteristic curves and the associated Area Under the Curve 
(AUC) value. 
6.3.7 Ethics of experimentation 
The procedures used in this study were approved by the University of Queensland’s Animal Ethics 
Committee for Native/Exotic Wildlife and Marine Animals (approval numbers SVS/080/15/CEAL, 
SVS/230/10/(NF), CURTIN/SVS/283/13, CURTIN/SVS/152/14), and were compliant with the 
requirements of the Animal Care and Protection Act 2001 (QLD, Australia), and the current 
Australian code for the care and use of animals for scientific purposes (National Health and 
Medical Research Council [NHMRC], 2013) and the Australian code for the responsible conduct of 
research (NHMRC, 2007). All sampling of humpback whales was undertaken under relevant 
Commonwealth of Australia permits (2014-0002, 2010-0002, 2011-0005, AU-COM2014-246, AU-
COM2015-273), QLD scientific purposes permits (WISP15866815, WISP07966310, 
WITK07659010, WISP09645411, WITK09644911), QLD Marine Parks permits 
(QS2015/MAN307, QS2016/MAN307) and Great Barrier Reef Marine Park permits 
(G14/37062.1). 
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6.4 Results 
6.4.1 Methodological validations 
Steroid hormones were quantifiable in all blubber samples. The range of observed concentrations 
was similar for T (0.22 – 5.78 ng/g) and E2 (0.24 – 6.50 ng/g). P4 levels were more variable (0.16 – 
154.26 ng/g) due to nine adult females (~16% of adult females) possessing concentrations above the 
reported pregnancy threshold (5 ng/g). The proportion of adult females that met the criterion for 
pregnancy was relatively similar for both study populations (breeding stock E1: 16%; breeding 
stock D: 20%). Concentrations in these nine presumed pregnant whales ranged from 6.49 to 
154.26 ng/g, with a mean value of 32.12 ± 15.48 ng/g. Five of these females were observed 
travelling with a calf and therefore also classified as lactating. 
As expected, blubber steroid hormone levels differed significantly between sexes and between 
juveniles and adults of the same sex (Table 6.2). Juveniles possessed lower sex steroid levels than 
adult whales of the same sex (Table 6.2). Adult males possessed significantly higher T and lower P4 
concentrations than females (Table 6.2). In adult males, blubber T levels were highest and most 
variable in the early to mid stages of the northern migration (June: 1.61 ± 0.29 ng/g; July: 1.68 ± 
0.30 ng/g), lower and less variable on the calving grounds (August: 0.83 ± 0.08 ng/g) and lower 
again during the southern migration (September: 0.49 ± 0.16 ng/g; October: 0.61 ± 0.06 ng/g). 
Mean E2 levels were similar for both sexes (Table 6.2). However, the distribution of adult female 
values was also skewed to the right, with a number of values exceeding 2.48 ng/g, which was the 
highest male value. 
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Table 6.2: Mean ± SE of reproductive steroid hormone levels (ng/g) in the blubber of adult 
and juvenile humpback whales. Overall differences in reproductive hormone levels between 
demographic groups examined using a PERMANOVA. Individual pseudo-post hoc comparisons 
conducted via Mann-Whitney U tests. 
Sex 
Progesterone (ng/g) Testosterone (ng/g) Oestradiol (ng/g) 
Adult Juvenile Adult Juvenile Adult Juvenile 
Female  
(adult: n = 55; 
 juvenile: n = 10) 
6.79 ± 2.85 a 0.90 ± 0.12 0.23 ± 0.02 0.44 ± 0.13 1.45 ± 0.18 c 0.57 ± 0.05 
Male  
(adult: n = 133;  
juvenile: n = 54) 
1.68 ± 0.05 1.60 ± 0.07 d 0.97 ± 0.08 b 0.44 ± 0.03 1.15 ± 0.05 1.06 ± 0.08 e 
Sex effect F1, 248 = 8.29, p < 0.001 
Age class effect p = 0.42 
Interaction effect F1, 248 = 82.49, p = 0.041 
a Significantly higher than males and juvenile females (p = [0.047, < 0.001], respectively) 
b Significantly higher than females and juvenile males (both p < 0.001); 
c, d, e Significantly higher than juvenile females (p = [0.028, < 0.001, 0.020], respectively). 
6.4.2 Physiological drivers of humpback whale behaviour 
Most adult females in this study (n = 35; 64%) were affiliated with one or more male escorts at 
some stage during the observation and sampling period, which also meant that most sampled adult 
males (n = 88; 66%) were observed escorting or ‘competing’ for a female. Males and females were 
often encountered in competitive groups, particularly during the northern migration towards the 
breeding grounds. These groups varied in size from four to fourteen animals and were highly 
unstable, often breaking apart within tens of minutes. In contrast, during the southern migration 
towards the feeding grounds, most male-female affiliations involved a female being escorted by 
one or two male escorts, often for hours at a time. Two mixed-sex groups were found to contain 
more than one female; both were made up of two female-calf pairs travelling with multiple escorts.  
Within all mixed-sex groups that contained more than one escort there was a dominant male (the 
principal escort) positioned nearest to the female. These principal escorts possessed significantly 
higher T concentrations (1.43 ± 0.20 ng/g) than all other males in the group (i.e. secondary escorts; 
0.69 ± 0.06 ng/g). While these differences were observed in all months of the study, they were 
particularly prominent during the northern migration (Figure 6.2; Table 6.3). Singing males, on the 
other hand, were only observed and sampled (n = 5) during the southern migrations in 2014 and 
2015, when there was a hydrophone array available for detection and tracking. Blubber T levels in 
singing whales ranged from 0.20 to 0.86 ng/g with a mean value of 0.44 ± 0.14 ng/g, which was 
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lower than the mean values observed in all other adult males. Singletons and males observed in a 
same-sex dyad or trio displayed mean blubber T levels of  1.04 ± 0.09 ng/g, which suggested that 
some of these animals would be dominant, and others sub-dominant, if encountered in a different 
social context. 
Male escorting behaviour was significantly related to the endocrine condition of a female in that 
escorted females had higher E2 concentrations (t = 2.45, p = 0.014) compared to lone adult females, 
those with a calf only, and those travelling with another female (Table 6.4; Figure 6.3). These 
females were rarely pregnant (n = 3); however, the relationship between escorting and pregnancy 
status only approached statistical significance (p = 0.083). The characteristic feature of lactating 
females was low blubber P4 (3.53 ± 1.05 ng/g) and E2 levels (0.80 ± 0.12 ng/g) when compared to 
other adult females (P4: 10.71 ± 6.13 ng/g; E2: 2.23 ± 0.32 ng/g). Despite this, lactational status had 
no consistent relationship with female social structure (p = 0.64), with similar numbers of lactating 
females being escorted and unescorted (n = 16, 14 respectively). Overall, few lactating whales were 
encountered on the northern migration (n = 3), suggesting that most calves from the previous year 
had been weaned by the time of sampling. However, one newborn calf, with foetal folds, light 
colouration, and an estimated body length of 3 – 4 m, was observed during the northern migration, 
meaning calving, and probably weaning, likely occurs over a range of latitudes and times.  
Figure 6.2: Blubber testosterone levels (ng/g) in male humpback whales, with different social 
rankings (principal escort: n = 40; secondary escort: n = 48), during the winter-spring 
breeding season. Boxplot displays median value; lower and upper hinges represent the interquartile 
range (25th and 75th percentiles, respectively). Whiskers represent the highest and lowest values 
within the 1.5 × interquartile range. Values beyond this range plotted as individual points. 
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Table 6.3: Logistic model parameters, and performance measures, for predicting the social state of adult male humpback whales in June to 
October (winter-spring breeding season) using blubber testosterone levels. Hormone summary statistics reported as mean ± SE. 
Model component 
Principal escorts (dominant) Secondary escorts (sub-dominant) 
Sample 
size 
Mean conc. 
(ng/g) 
Coefficient 
Estimate t p 
Sample 
size 
Mean conc. 
(ng/g) 
Coefficient 
Estimate t p 
Testosterone (June) 5 2.87 ± 0.59 7.29 3.14 0.0017 11 1.03 ± 0.11 -7.29
-
3.14 0.0017 
Testosterone (July) 8 2.63 ± 0.56 8.52 3.51 < 0.001 11 0.98 ± 0.07 -8.52
-
3.51 < 0.001 
Testosterone (August) 2 1.02 ± 0.20 13.77 3.17 0.0015 4 0.73 ± 0.03 -13.77
-
3.17 0.0015 
Testosterone (September) 2 0.72 ± 0.17 26.33 2.96 0.0031 2 0.25 ± 0.12 -26.33
-
2.96 0.0031 
Testosterone (October) 23 0.80 ± 0.10 22.74 3.75 < 0.001 20 0.38 ± 0.03 -22.74
-
3.75 < 0.001 
ROC Area under the curve 
Misclassification rates 
McFadden’s pseudo-R2 
Log-likelihood 
Likelihood ratio test 
Hosmer–Lemeshow test 
0.89 
Total: 10% (Principal escorts: 10%; Secondary escorts: 10%) 
0.65 
-21.37
χ2 = 78.52, p < 0.001 
χ2 = 5.88, p = 0.66 
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Table 6.4: Logistic model parameters, and performance measures, for predicting whether or not an adult female humpback whale will be 
escorted by an adult male during the winter-spring breeding season. Predictor variables included blubber oestradiol levels and information on a 
whale’s presumed reproductive condition (pregnant and/or lactating). Hormone summary statistics reported as mean ± SE. 
Model component 
Affiliated with male/s Not affiliated with male/s 
Mean conc. (ng/g) Coefficient estimate t p Mean conc. (ng/g) 
Coefficient 
estimate t p 
Blubber oestradiol 1.96 ± 0.25 3.44 2.45 0.014 0.56 ± 0.06 -3.44 -2.45 0.014 
Presumed Pregnant 1.31 ± 0.03 [E2] 65.51 ± 44.45 [P4] -1.88 -1.73 0.083 
0.60 ± 0.15 [E2] 
15.42 ± 3.55 [P4] 1.88 1.73 0.083 
Lactating 1.06 ± 0.21 [E2] 2.54 ± 0.95 [P4] 0.39 0.47 0.64 
0.50 ± 0.05 [E2] 
4.66 ± 1.97 [P4] -0.39 -0.47 0.64 
Sample size 35 (Not pregnant/non-lactating: 17; Lactating/non-pregnant: 15; Pregnant/non-lactating: 2; Pregnant/lactating: 1) 
20 (Not pregnant/non-lactating: 4; Lactating/non-pregnant: 10; 
Pregnant/non-lactating: 2; Pregnant/lactating: 4) 
ROC Area under the curve 
Misclassification rates 
McFadden’s pseudo-R2 
Log-likelihood 
Likelihood ratio test 
Hosmer–Lemeshow test 
0.77 
Total: 22% (Affiliated: 12%; Not affiliated: 40%) 
0.36 
-22.95
χ2 = 26.21, p < 0.001 
χ2 = 2.32, p = 0.97 
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Figure 6.3: Blubber oestradiol levels (ng/g) for adult female humpback whales observed 
during the winter-spring breeding season. Concentrations examined with regards to the social 
state (escorted: n = 35; not affiliated with a male: n = 20) and presumed reproductive state of 
each whale. Boxplot displays median value; lower and upper hinges represent the interquartile 
range (25th and 75th percentiles, respectively). Whiskers represent the highest and lowest values 
within the 1.5 × interquartile range. Values beyond this range plotted as individual points. 
6.5 Discussion 
Here, we tested for relationships between the reproductive physiology and behaviour of humpback 
whales during the breeding season. Concentrations of each reproductive hormone were similar to 
previous reports for this species (Vu et al., 2015, Clark et al., 2016, Mello et al., 2017), though the 
measurement of multiple hormones from a single blubber sample has rarely been achieved. 
Biologically relevant endocrine patterns were observed in blubber samples, with each age class and 
sex displaying significantly different concentrations of progesterone, testosterone and oestradiol. In 
addition, we found evidence that the behaviour of humpback whales was driven, to some extent, by 
their physiology, with both female and male social status being significantly related to reproductive 
hormone levels. The dominance status of males in mixed-sex groups could be accurately predicted 
using blubber testosterone levels, with principal escorts—the dominant males—possessing higher 
concentrations than secondary escorts. For female humpback whales, all individuals with elevated 
oestradiol levels (above 1.25 ng/g) were affiliated with a male at some stage during our 
observations, a possible sign that these females were in or approaching oestrus, and that males were 
seeking breeding opportunities. Affiliation rates were markedly lower for females with progesterone
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levels above 5 ng/g, who were presumed to be pregnant. There was no consistent relationship 
between a female’s lactational status and her probability of being escorted by a male. Several 
lactating females displayed elevated oestradiol levels, which is a potential sign of post-partum 
oestrous activity. Post-partum ovulations, and annual breeding, may be common for humpback 
whales (Chittleborough, 1965, Pallin et al., 2018), particularly for both Australian populations given 
their rapid increases in abundance (see: Zerbini et al., 2010, Noad et al., 2011, Salgado Kent et al., 
2012). Taken together, these results are a novel contribution to our understanding of the causes of, 
and motivation behind, different humpback whale behaviours. 
The male biased sex ratio observed for humpback whales during the breeding season (Brown et al., 
1995, Craig and Herman, 1997) means that there is a surplus of males competing for a limited 
number of breeding females. In this study we found evidence that these social pressures likely 
contribute to patterns in male testosterone levels, in addition to the role of seasonal changes in 
testicular activity (Engle, 1927, Matthews, 1937, Chittleborough, 1955). All males, regardless of 
social status, tended to display higher blubber testosterone levels in early to mid-winter, prior to the 
reported peaks (late winter to early spring) in testicular activity for this species (Chittleborough, 
1955). As observed in other cetaceans, this could represent a lag time in the spermatogenic cycle 
(Schroeder and Keller, 1989, Robeck et al., 2009). However, as whales were not sampled in all 
months of the year we cannot confirm when blubber testosterone concentrations initially increased, 
and therefore estimate the potential lag time. Within each season, male testosterone levels were also 
highly variable, with marked differences in concentrations between dominant and sub-dominant 
males, as predicted by the ‘challenge hypothesis’ (Wingfield et al., 1990). Interestingly, the period 
with highest and most variable testosterone levels coincided with the time when female ovulation 
rates are reported to peak (Chittleborough, 1954, Chittleborough, 1958) and when the highest 
densities of whales migrate towards the breeding grounds (see: Chittleborough, 1965, Brown et al., 
1995). The frequency of aggressive male-male contests is therefore likely to be an important social 
factor that influences male testosterone levels in humpback whales. 
For many sub-dominant males, with lower testosterone levels, direct competition is unlikely to 
result in breeding opportunities with females. Consequently, these males often departed from a 
mixed-sex group, either alone or in sub-groups, as reported elsewhere (Tyack and Whitehead, 1983, 
Clapham et al., 1992, Félix and Novillo, 2015). The motivation for this behaviour could relate to the 
possibility of improving their social ranking in another group, or potentially encountering an 
unaccompanied, receptive female. It is also possible that sub-dominant males may employ 
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alternative mating strategies, such as the formation of cooperative alliances or singing, to obtain 
breeding opportunities (Clapham et al., 1992, Brown and Corkeron, 1995, Darling and Bérubé, 
2001, Félix and Novillo, 2015). No male alliances were observed in this study and too few singers 
were sampled to accurately characterise their endocrine or dominance status. In any case, the 
unstable nature of humpback whale mixed-sex social groups appears driven by males, who must 
choose between competing for the dominant position in an existing group and searching for 
another breeding opportunity. 
In theory, males should not devote energy into pursuing females who are not currently, or soon to 
be, sexually receptive. Anoestrus females are also unlikely to benefit from intersexual interactions 
(Cartwright and Sullivan, 2009). Interestingly, however, males were occasionally affiliated with 
females who were likely to be in anoestrus (i.e. low oestradiol and progesterone levels) and others 
who were presumed to be pregnant. These interactions are likely to be temporary encounters 
initiated by males who are seeking to ascertain the reproductive condition of the female (Mobley 
and Herman, 1985). Consequently, the duration of mixed-sex affiliations could potentially be used 
as an indirect indicator of a female’s reproductive status. The cues that male humpback whales 
detect to determine the reproductive condition of a female are unknown. In other cetaceans, oestrus 
cues include visual and tactile displays (Wells, 1984, Muraco and Kuczaj, 2015). Given the 
importance of acoustic communication in these species, it is also reasonable to expect that vocal 
signals could be used. Therefore, further study into the fine-scale behaviour of female humpback 
whales (e.g. using movement and sound recording tags) is warranted. As baleen whales also possess 
some olfactory function (Hof and Van Der Gucht, 2007, Thewissen et al., 2011, Godfrey et al., 
2013, Kishida et al., 2015) and Harderian glands (Sakai, 1981, Funasaka et al., 2010)—an exocrine 
gland responsible for the production of pheromones in rodents (Thiessen et al., 1976, Payne, 
1977)—the possibility of a chemical component to oestrus signalling should also be explored. 
There are two clear limitations to this study. Firstly, variability in adult female oestradiol levels 
could not be related to the ovarian condition of females (oestrous cycling or anoestrus). The 
information required to make these diagnoses for humpback whales is lacking, such as the duration 
of each oestrous cycle phase, the patterns of hormone secretion and blubber hormone integration 
and clearance times. Correlating blubber hormone levels to ovarian structures in adult female 
carcasses is the most feasible way to address some of these gaps in knowledge. However, collecting 
these samples via ethical means (i.e. following natural mortality events) remains a challenge, as 
relatively few adult carcasses are encountered, particularly of a non-compromised condition  
(see: Holyoake et al., 2012, Meager, 2016). The second limitation of this study was that the blubber 
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progesterone threshold used to infer pregnancy could be slightly inaccurate. This criterion was 
developed by Clark et al. (2016) using samples collected from a different population at a different 
time in the year/breeding cycle (i.e. the feeding season), and with measurements made using a 
different assay system to our own. Therefore, some females with blubber progesterone levels above 
5 ng/g could possibly be in an alternative reproductive state to pregnancy, such as the luteal phase 
of an oestrous cycle. In some other cetacean species, pregnant females can at times possess similar 
urine and serum progesterone levels to ‘luteal phase’ females (Sawyer-Steffan et al., 1983, Kirby, 
1984, Robeck, 1996). It is unclear whether such overlaps could occur when using blubber as no 
samples have been collected from females confirmed as being in the luteal phase of an oestrous 
cycle. The pregnancy rates calculated in this study were relatively low when compared to most 
previous findings for this species (Nishiwaki, 1959, Chittleborough, 1965, Clapham et al., 1997, 
Mikhalev, 1997, Mikhalev, 2000, Clark et al., 2016, Pallin et al., 2018). However, this may relate to 
a bias against the sampling of pregnant females rather than the pregnancy threshold used. For 
instance, fieldwork was conducted at times when fewer pregnant females were likely to be 
migrating (see: Chittleborough, 1965, Brown et al., 1995, Dawbin, 1997, Craig et al., 2003). 
Further, in some field seasons lactating females were specifically targeted for sampling (for the 
objectives of  BRAHSS), which should predominantly be in anoestrus (Chittleborough, 1954, 
Chittleborough, 1958). Repeated sampling of individually identifiable females across successive 
breeding seasons would be required to accurately determine the relationship between blubber 
progesterone levels, pregnancy and patterns of affiliation in humpback whales. 
In this study, we identified relationships between the physiology and behaviour of humpback 
whales, suggesting the existence of associated reproductive patterns in this species. A male’s 
testosterone level was an accurate indicator of his dominance status during the breeding season, 
consistent with ‘challenge hypothesis’ theory. This result is a relatively novel finding for cetaceans. 
Previously, links between testosterone levels and behaviour have only been inferred through the 
decreased aggression shown by some some captive cetaceans treated with gonadotropin-releasing 
hormone agonists (used to suppress testicular activity; Robeck et al., 2001). Given that principal 
escorts have been found to possess a larger body size than secondary escorts (Spitz et al., 2002), it 
is likely that physical competition is the mechanism male humpback whales use to establish  
dominance. Overall, our results support previous suggestions that escorting is a behaviour typically 
employed by male humpback whales that are seeking breeding opportunities with sexually 
receptive females. The methods developed in this study could be used to better define the spatial
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and temporal limits of humpback whale breeding areas, and therefore to prioritise conservation 
efforts. Measures of humpback whale reproductive physiology and behaviour could also be 
included in disturbance-based studies to assess potential sub-lethal populations impacts. 
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Chapter 7: Discussion 
7.1 Introduction 
Traditionally, there have been several obstacles to monitoring life history parameters, such as 
reproductive, growth and mortality rates, for marine vertebrate species, particularly those that are 
sexually monomorphic (e.g. some cetaceans; Labrada-Martagón et al., 2014). This information has 
often only been obtained through post-mortem analyses, either through targeted sampling (i.e. lethal 
research or necropsies during subsistence hunts) or opportunistic encounters of carcasses (Labrada-
Martagón et al., 2014). Post-mortem sampling is often biased towards animals of poor health (pre-
existing pathology) and particular demographic groups, meaning the data obtained poorly reflects 
the natural population. Consequently, the development of non-lethal methods to examine health and 
reproduction in cetaceans has been highlighted as a priority area of research (IWC, 2001). 
Endocrine monitoring is a reliable method for examining various physiological parameters, 
including reproduction, in vertebrate species (Kersey and Dehnhard, 2014). Cetacean researchers 
are limited in the types of biological samples that can be collected for these analyses. Most studies 
on wild cetaceans have used blubber, faeces and respiratory vapour (‘blow’), rather than blood. An 
essential first step when using these samples is to confirm that hormone measurements reflect the 
physiological condition of the animal. This is achieved by sampling an animal before and after a 
definitive biological event (e.g. pregnancy, stress) or after a pharmacologically induced change to 
its physiological condition. Thus far, few samples have been validated for use, in a limited number 
of species. Conducting these types of validation tests is difficult for free-swimming cetaceans as an 
animal’s reproductive state can rarely be objectively classified, and few species can be repeatedly 
sampled or monitored over time. An alternative route is to develop and validate these techniques in 
captive populations, where the physiological condition of animals can be manipulated or objectively 
classified, before applying the same methods in the wild. Despite the large number of cetaceans 
maintained under human care—over 2 000 individuals from at least 11 different species—
surprisingly few studies have adopted this approach. 
7.2 Summary of work performed 
This thesis aimed to assess the performance of two non-blood samples, blubber and blow, for 
monitoring the reproductive and adrenal condition of cetaceans. Accomplishing the aims of this 
thesis required the use of established endocrine techniques and the adaptation of several cetacean 
sampling methods. The initial research conducted in Chapter 2 focussed on the validation of both 
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blubber and blow sampling methods in a captive, ‘controlled’ environment. Here, patterns in blow 
and blubber hormones were contrasted to those in serum—the default sample for endocrine 
analyses. In Chapter 3, both blow and blubber hormone analyses were then conducted on free-
swimming humpback whales to evaluate the performance of these methods in a wild setting. To our 
knowledge, this is the first report of paired blow and blubber sampling in any cetacean species. 
Given the strong influence on blow hormone measurements from sampling-related effects, the 
remaining chapters focussed exclusively on using blubber hormone analyses for behavioural and 
physiological studies on cetaceans. In Chapter 4, impacts on steroid hormone measurements from 
variation in the collection and handling of blubber samples were examined. This research was 
conducted with the aim of establishing guidelines for the collection and storage of blubber samples 
for endocrine studies, particularly in the context of post-mortem sampling. Blubber cortisol was 
then tested as a potential indicator of adrenal cortical function in humpback whales (Chapter 5). In 
Chapter 6, potential links between the reproductive physiology and behaviour of humpback whales 
were examined for the first time. Finally, in this chapter, I discuss the potential applications and 
limitations of using blow and blubber samples for endocrine studies on cetaceans, and the future 
work required for these techniques to be applied in the management of wild populations. 
7.3 Significant findings 
7.3.1 Limitations of using blow for cetacean endocrine studies and alternative applications 
for this sample 
It is generally agreed that cetacean blow samples contain quantifiable levels of steroid hormones 
and their metabolites. Several studies have been able to detect major endocrine patterns, such as the 
elevated progesterone levels that occur during pregnancy (Tizzi et al., 2010, Richard et al., 2017). 
There is limited value, however, in collecting and analysing blow samples solely for the purpose of 
pregnancy detection. Firstly, in a captive setting other minimally-invasive and more accurate 
methods are available, such as uterine ultrasounds. Secondly, in a wild setting faecal and blubber 
hormone analyses are likely to be more reliable, and these samples can be collected in sufficient 
amounts for additional analyses (e.g. genetics, ecotoxicology) to be performed. With the exception 
of pregnancy-detection, there remains conjecture about the accuracy and potential uses of blow 
hormone measurements for assessing the physiological condition of cetaceans. 
Previous studies have highlighted that variability in sample volumes, variable dilution with 
respiratory water and the use of nylon-based sampling materials (e.g. tulle, stockings, and nitex 
membranes) have confounding effects on blow hormone measurements (Thompson et al., 2014, 
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Burgess et al., 2016). In this thesis, I identified additional interference from seawater, both when 
sampling was conducted in relatively ideal conditions (captive dolphin sampling in Chapter 2) and 
in an ‘uncontrolled’, natural environment (humpback whale sampling in Chapter 3). This effect, in 
particular, also confounded our attempt to use urea nitrogen as a marker for blow dilution. The 
source of interference most likely stems from seawater diluting the sample at the time of collection 
and, after ethanol extraction, affecting antigen-antibody binding in enzyme-immunoassays (EIAs). 
Despite these issues, blow samples will most likely continue to be collected from a number of 
species, in part, because certain sampling technologies, specifically unmanned aerial vehicles 
(UAVs), have become more commercially available, cheaper to purchase and easier to operate. 
Moving forward there are a large number of considerations and modifications required to make 
blow hormone monitoring a viable method for research on wild cetaceans. 
In Chapters 2 and 3, and other recent studies, several solutions are put forward to address issues of 
variability in sample volumes, variable dilution with respiratory water, and sampling material 
interference on blow hormone measurements. The proposed modifications fail to resolve all of the 
identified issues with blow hormone analyses, and each modification could potentially lead to a new 
set of problems. Changing the capture device to a polystyrene dish, for instance, may reduce 
sampling material interference (Burgess et al., 2016) but may also come at the cost of collecting 
sufficient volumes of blow. Similarly, the collection of multiple exhalations (Thompson et al., 
2014, Richard et al., 2017) may reduce variability in sample volumes, but for wild animals repeat 
sampling may also lead to increased avoidance behaviours, in turn, increasing the probability of 
seawater contamination. To improve the diagnostic capabilities of blow hormone analyses, 
particularly for wild cetaceans, a method needs to be developed to maximise the signal-to-noise 
ratios in samples without compromising the accuracy of hormone measurements. I believe this can 
most likely be achieved using a combination of UAVs, to collect high volume, repeat samples with 
a low level of contamination, and chromatography coupled with mass spectrometry, to circumvent 
the issues of non-specific binding in immunoassays. The ability to collect blow samples from free-
swimming cetaceans using UAVs, with minimal disruption to behaviour, has already been 
demonstrated (Acevedo-Whitehouse et al., 2010, Koski et al., 2015, Pirotta et al., 2017). Further, 
chromatography-mass spectrometry methods are already in use by several cetacean researchers 
(Boggs et al., 2017, Hayden et al., 2017), and are suitable for dealing with small sample 
volumes/masses. The use of gas chromatography-mass spectrometry, in particular, also provides an 
opportunity to quantify volatile analytes in a blow sample. Recent work on giant pandas 
(Ailuropoda melanoleuca) identified that volatile fatty acid profiles of urine can be used to predict 
ovulation (Dehnhard, 2017). Given the functioning olfactory systems of some cetacean species 
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(baleen whales) and their possession of a known exocrine gland (Harderian glands), a novel 
approach to evaluating their physiological condition may be to analyse volatile components in blow. 
While blow sampling currently has limited value for endocrine assessments of most wild cetaceans, 
there are a number of other research areas where it could, or already has, proved more valuable. For 
instance, DNA has been successfully isolated from bottlenose dolphin blow samples (Frere et al., 
2010) and, once refined, this method could potentially be used to conduct population genetic 
studies. This would eliminate the financial costs and logistical complexities encountered when 
performing remote tissue biopsying, namely the purchasing, transporting, storage and licencing of 
firearms. Blow samples have also been collected from several different species to examine the 
microbiome of the respiratory tract (Acevedo-Whitehouse et al., 2010, Apprill et al., 2017, Pirotta et 
al., 2017). The particular benefit of blow sampling in this context is that animals of poor health—
often the most important, yet underrepresented, group of animals in population health 
assessments—can be targeted using UAVs without posing excessive risk to the animal’s welfare  
(cf. biopsying). 
7.3.2 The role of blubber hormone analyses in studying the physiology and behaviour of 
cetaceans 
Monitoring the reproductive condition of wild cetaceans is difficult, as there are few opportunities 
to directly examine the gonads, uterus or the development and quality of gametes. It is equally 
difficult to evaluate impacts to animal’s physiology from disturbances because there is little 
‘baseline’ physiological data available. To date, links between blubber hormone levels and gonadal 
activity have therefore only been conducted post-mortem (Kellar et al., 2009, Robbins et al., 2016). 
Further, in disturbance-based studies on live cetaceans, behavioural responses are often examined 
without consideration of the animal’s physiology. Physiology and behaviour are intrinsically linked 
and, therefore, monitoring both aspects of a species’ biology may help when evaluating an animal’s 
reproductive condition or potential impacts from disturbance. 
In Chapter 2, we linked information on behaviour and serum endocrinology to discriminate between 
oestrous cycling and anoestrus female bottlenose dolphins. Building on from this, I explored the 
possibility that blubber hormone levels in humpback whales were related to particular behavioural 
displays, or social structures, during the breeding season (Chapter 6). For bottlenose dolphins, 
delayed blubber hormone expression was identified as a potential obstacle when attempting to 
evaluate the stage of a female’s oestrous cycle, highlighting the need to conduct hormone 
integration and clearance studies. Given these delays, polyoestrous species could display  
(1) increasing oestradiol levels throughout the follicular phase, (2) high oestradiol levels during the
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early stages of the luteal phase and (3) elevated progesterone levels throughout dioestrus. In this 
instance, it is possible that other hormones, such as cortisol, may assist with classifying the 
reproductive condition of females.  
For males, I examined whether there were links between testosterone levels, testicular activity and 
behaviour. Unfortunately, in Chapter 2, the one male dolphin that was sampled for both blubber and 
semen—a previously proven sire—consistently produced azoospermic semen samples. Samples 
collected from this male resembled pre-ejaculatory fluid and, therefore, the collection of additional 
ejaculate fractions may have yielded a viable sample. Alternatively, ultrasonographic measures of 
testicular activity could have been examined (Brook et al., 2000, Robeck et al., 2009). In this 
particular study, sampling was restricted by the availability of the animal husbandry staff, the 
interaction schedules of individual animals, and by animal ethics conditions. Such limitations can 
be expected when working within the confines of zoological institutions. Therefore, future studies 
of this kind should ideally be run over several years, with a larger number of sampling periods and 
perhaps dedicated staff to assist with collection procedures. A relatively large number of dolphins 
also strand or are found entangled, particularly in shark control program gear, in Australia each 
year. It may therefore be possible to use histological observations of the testes or sperm recovered 
from the epididymis of fresh carcasses to further explore the links between blubber testosterone and 
testicular activity in bottlenose dolphins. 
Similar post-mortem methods would be required to confirm links between hormone levels and 
testicular activity in free-swimming cetaceans that are not captured in the wild, such as humpback 
whales. For this species, collecting a sufficient number of samples would require collaboration 
between research institutions and local governments in many different regions, due to the low 
number of adult carcasses encountered. This is particularly challenging in Australia due to the lack 
of a national stranding network, the long stretches of unpatrolled, remote coastline, and because 
separate animal ethics and permit approvals are required for sampling in each state. Nevertheless, in 
Chapter 6, adult male humpback whales were found to display seasonal variability in blubber 
testosterone levels, consistent with the reported changes that occur in testicular activity  
(Engle, 1927, Matthews, 1937, Chittleborough, 1955). In addition, a relatively novel finding was 
that humpback whales adhere to ‘challenge hypothesis’ theory (Wingfield et al., 1990), with 
dominant males possessing higher testosterone levels than sub-dominant males. Interestingly, there 
was some evidence that male bottlenose dolphin testosterone levels were also driven by both 
seasonal and social factors. Mean concentrations reached a maximum in summer when testicular 
activity peaked, with levels further elevated in males that had access to females at these times. 
Together these findings support a role of dominance polygyny in the mating systems of both 
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bottlenose dolphins and humpback whales. Furthermore, these findings provide strong evidence of 
associated reproductive patterns in these species. 
Understanding exactly where, when and how a species breeds is an essential step in their 
conservation. The analysis of blubber oestradiol, and possibly other hormones, could be used to 
assess the number of females that are reproductively active at any time and their location. Following 
on from this, blubber progesterone levels could be used to examine the proportion of these females 
that successfully conceive. Incorporating additional information on an individual’s health, such as 
blubber cortisol levels (Chapter 5), may help to identify any barriers to reproduction in these 
populations. Together, these methods would be particularly useful for investigating why 
neighbouring, southern-hemisphere humpback whale populations have demonstrated such variable 
post-whaling recoveries. 
Reproduction can be negatively impacted by severe, prolonged or repeated exposure to adrenal 
stressors. For a number of cetacean species, this type of stress can be detected by measuring 
glucocorticoids in blubber and faeces (Ayres et al., 2012, Kellar et al., 2015, Trana et al., 2016, 
Champagne et al., 2017, Rolland et al., 2017). The results of Chapter 5, suggest that blubber cortisol 
can be used in a similar manner for humpback whales, with concentrations in whales that 
experienced severe trauma prior to death found to be magnitudes higher than in ‘healthy’ whales. 
However, given the results of Chapter 4, measured concentrations in some post-mortem samples 
may have also been elevated through delayed sample freezing and, possibly, tissue degradation. 
These sampling effects are one of the key limitations of opportunistic post-mortem studies. When a 
carcass is not rapidly detected, which is often the case in remote areas, or when samples are not 
collected and stored in a consistent manner, there can be both random noise and systematic biases in 
the endocrine data. To minimise imprecision in hormone measurements, and the potential wastage 
of high-value post-mortem samples, a current priority is to establish a method for preserving 
blubber samples at room temperature after collection. 
The analysis of cortisol levels in the blubber of live bottlenose dolphins (in Chapter 2) and 
humpback whales (in Chapter 5) also revealed subtle, seasonal changes in adrenal functioning for 
these species. For both species, increases in blubber cortisol levels coincided with presumed or 
observed increases in breeding behaviour. It is currently unclear, however, whether cortisol 
facilitates reproductive processes or if these increases in concentration relate to the physiological or 
social stressors of breeding, such as higher levels of exertion and aggression during courting, 
competition and mating. Alternatively, these patterns could be driven by unrelated factors, such as a 
change in activity demands or an environmental rhythm. For instance, in winter, sexually mature 
Chapter 7: Discussion 
168 
humpback whales are driven by the strong biological impulse to reach breeding grounds, which 
could potentially lead to higher swim speeds, greater substrate (glucose) requirements and possibly 
elevated cortisol levels. Though swimming speeds were not objectively measured in this study, 
humpback whales migrating towards the breeding grounds did appear to swim at higher speeds than 
those migrating towards the feeding grounds in spring. Comparing the fine-scale behaviour of 
whales, including their vocal signals (see: Dunlop, 2017), at different times in the migration may 
clarify whether patterns in cortisol levels are related to a whale’s motivational state (e.g. 
‘fearful/appeasement’, ‘aggressive’) or its level of exertion. For bottlenose dolphins, seasonal 
variation in cortisol levels could potentially relate to photoperiod, as found in other mammals 
(Reiter, 1991, Cutolo et al., 2005, Walton et al., 2011, Premkumar et al., 2013). Baseline cortisol 
levels are expected to be highest during periods with the greatest light exposure, which corresponds 
with the slight seasonality observed for this species. Interestingly, however, a previous bottlenose 
dolphin study found even higher cortisol levels in spring and identified no seasonal changes in 
melatonin levels (Funasaka et al., 2011), which is an agonist of cortisol that is usually sensitive to 
photoperiod. Though, it may be that melatonin has a different pattern of secretion in cetaceans, 
particularly as it is produced in the gut, retina and Harderian gland, rather than the pineal gland, 
which is believed to be absent (Panin et al., 2012). Overall, the seasonal changes observed for 
bottlenose dolphin and humpback whale cortisol levels could be due to several interacting factors. 
7.4 Future directions and concluding remarks 
Monitoring reproductive rates is important when assessing population viability, as abundance 
counts are inadequate to detect sub-lethal populations effects, such as declines in reproductive 
success (i.e. the proportion of successful pregnancies). Remote biopsying and blubber progesterone 
analysis is a viable method for estimating pregnancy rates in cetacean populations, which has now 
been achieved for common dolphins (Delphinus spp.; Kellar et al., 2014), bottlenose dolphins 
(Kellar et al., 2017) and humpback whales (Clark et al., 2016, Pallin et al., 2018). Pregnancy 
assessments for seasonal breeding cetaceans should ideally be conducted outside of the breeding 
season to eliminate potential misclassifications between pregnant females and females in the luteal 
phase of an oestrous cycle. For this method to be used at other times, patterns of hormone secretion 
throughout gestation and in non-pregnant, quiescent and cycling females would firstly need to be 
evaluated.  
For humpback whales, reproduction is strongly linked to body condition, and therefore prey 
availability, due to their capital breeding strategy. A priority for this species is to therefore 
investigate the effect of prey abundance and quality on body condition (see: Braithwaite et al., 
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2015, Bengtson Nash et al., 2018) and reproductive rates. The role that temporary migratory feeding 
sites (Owen et al., 2017) perform in the maintenance of body condition also needs to be clarified. If 
these sites are essential to the annual energy budgets of particular life history groups, such as 
pregnant and lactating females, they should receive additional protection. 
Cetaceans are inherently vulnerable to impacts from a number of anthropogenic activities due to 
their method of communication, delayed maturation, low fecundity and immense prey requirements. 
These populations require added protection from anthropogenic activities during times and 
locations when key biological processes (e.g. breeding, calving, nursing and foraging) occur. 
Collectively, the methods applied in this thesis could be used to help identify the spatial and 
temporal limits of some key biological activities, such as breeding. Such information is essential 
when planning the conduct of potentially harmful industrial activities, such as the use of underwater 
explosives (Ketten et al., 1993), by ensuring that they are not undertaken at important times or in 
‘high priority’ areas.  
An emerging concern for cetaceans is the influence that pollutants (e.g. reprotoxins) could have 
upon vital reproductive processes. Cetaceans are vulnerable to the effects of these chemicals due to 
their possession of blubber, a sink for organic pollutants. In addition, many species feed at high 
trophic levels and inhabit highly contaminated environments, such as coastal marine ecosystems 
and the Arctic (Ross et al., 2000, Dehn et al., 2006, Jenssen, 2006, Harrison et al., 2007, Krahn et 
al., 2007). Endocrine-disrupting chemicals, such as xenoestrogens, cadmium and mercury, have 
already been implicated as a possible cause of reproductive failure in one population—north 
Atlantic right whales (Eubalaena glacialis; Reeves et al., 2000, Murphy et al., 2015). Yet, direct 
links between cetacean toxin loads and reproductive physiology have rarely been investigated. As 
both steroid hormones and numerous lipophilic toxins can be quantified in blubber (see: Fossi and 
Marsili, 2003), remote biopsying could be used to investigate the impact of toxins on reproductive 
performance in cetaceans. Similarly, these methods could be used to assess whether there is any 
relationship between toxin loads, the adrenal condition of whales and their body condition. 
In this thesis, I aimed to examine the suitability of two non-lethal sampling methods—blow and 
tissue biopsy sampling—for reproductive and adrenal endocrine assessments of cetaceans. Results 
show that tissue biopsying, so far, is the preferred sampling method for endocrine studies on wild 
populations. Biopsying is an ideal sampling method for free-swimming cetaceans as skin and 
blubber can be collected simultaneously, and with ease. Further, these samples, but not blow, are 
accessible during opportunistic post-mortem encounters, and at sufficient masses to be collected 
and shared with multiple research groups. Blubber hormone analyses can then be used for 
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pregnancy detection, to classify male maturity status, diagnose chronic adrenal stress and make 
informed judgements about the motivation and purpose of certain behaviours. For populations, or 
species, that lack spatially or temporally defined feeding areas—required for the collection of 
faeces—this type of information cannot be generated via any other non-lethal method.
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Appendices 
Appendix 1 
EIA parallelism tests 
Parallelism tests were conducted to confirm that the binding characteristics of the EIA antibodies to 
hormones in serum, blubber and blow were similar to the binding characteristics for antibodies to 
the assay standards. For dolphins (Figure 9.1), serial dilutions of pooled serum samples, and blow 
extracts, were assessed from neat to either a 1:64 (serum) or 1:32 dilution (blow). Urea nitrogen was 
only examined using pooled blow samples from dolphins (Figure 9. 2). Parallelisms were also 
conducted for progesterone using serial dilutions (neat to 1:64 dilution) of pooled blubber extracts 
(Figure 9.3). Equivalent tests were then conducted for blow (neat to 1:32 dilution) and blubber 
extracts (neat to 1:64 dilution) from humpback whales (Figure 9.4). ANCOVAs were used to assess 
homogeneity of regression slopes (i.e. comparisons between the standard and sample binding 
curve). Comparisons were conducted within the linear portion of the standard curve (20 – 80% 
B/B0; Table 9.1). For all samples, parallelism occurred over a restricted range (from neat to 1:8), 
indicating that hormone concentrations in pooled samples were low and that samples should be 
analysed undiluted, or otherwise suffer from poor and inconsistent antigen detection. 
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Figure 9.1: EIA parallelism tests for progesterone (A.), testosterone (B.), oestradiol (C.) and cortisol (D.) in serum and blow samples from 
captive bottlenose dolphins. Serial dilutions for blow from neat to 1:32 dilution; dilutions for serum running from neat to 1:64 dilution.
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Figure 9.2: Parallelism test for UN measurements in pooled captive bottlenose dolphin blow 
samples analysed from neat to a 1:32 dilution. 
Figure 9.3: Parallelism test for progesterone measurements in pooled captive bottlenose 
dolphin blubber samples analysed from neat to a 1:32 dilution.
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Figure 9.4: EIA parallelism tests for progesterone (A.), testosterone (B.), oestradiol (C.) and cortisol (D.) in blubber and blow samples from 
humpback whales. Serial dilutions for blow from neat to 1:32 dilution; dilutions for blubber running from neat to 1:64 dilution. 
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Table 9.1: P values for homogeneity of regression slopes for parallel displacement curves 
within the region of 20 – 80% assay binding. For bottlenose dolphins, serial dilutions of pooled 
serum, blow extracts and blubber extracts (progesterone only) were compared to standard curves for 
progesterone, testosterone, oestradiol, cortisol and urea nitrogen (blow only). For humpback whales, 
serial dilutions of pooled blow extracts and blubber extracts were compared to standard curves for 
progesterone, testosterone, oestradiol and cortisol. 
Progesterone Testosterone Oestradiol Cortisol Urea nitrogen 
Bottlenose dolphins 
Serum p = 0.23 p = 0.19 p = 0.50 p = 0.10 - 
Blow p = 0.052 p = 0.16 p = 0.14 p = 0.50 p = 0.11 
Blubber p = 0.078 - - - - 
Humpback whales 
Blow p = 0.054 p = 0.37 p = 0.052 p = 0.057 - 
Blubber p  = 0.11 p = 0.29 p  = 0.34 p = 0.069 - 
EIA hormone recovery/accuracy tests 
Potential effects on EIA measurements of the parent hormone from substances within each 
biological matrix were examined. Separate pooled samples were made for each EIA by combining 
equal volumes (100 µl) of humpback whale blubber or blow hormone extracts, or captive bottlenose 
dolphin serum or blow hormone extracts (n = 13 for each sample in each species). Test samples 
were then prepared (i.e. a separate set for each hormone, sample and species) by spiking each EIA 
hormone standard (100 µl) with an equal volume (100 µl) of a pooled sample. Hormone 
concentrations were then analysed for test samples, pooled samples (to determine background 
concentration) and EIA hormone standards (to generate the calibration curve). 
Expected values for test samples were calculated as the concentration of the hormone standard 
divided by 2. Observed values were calculated as the measured concentration minus the pooled 
sample (background) concentration. A linear regression of expected vs. observed results were then 
generated using values that fell within the linear range (~20%-80% binding) of each EIA. Slope 
coefficients < 1 or > 1 indicated an under- or over-estimation of hormone levels, respectively. 
For captive bottlenose dolphins (Figure 9.5), significant relationships were identified between 
observed and expected values for parent hormones in blow (P4: F(1,4) = 268.66; T: F(1,3) = 535.00; 
E2: F(1,3) = 2204.32; F: F(1,3) = 864.44; all p < 0.001) and serum hormones (P4: F(1,3) = 233.09; T: 
F(1,3) = 802.99; E2: F(1,3) = 662.36; F: F(1,3) = 310.99; all p < 0.001). The slope coefficients for blow 
T, E2 and F indicated good accuracy (95% CIs [0.97, 1.21], [0.99, 1.10], [1.01, 1.26], respectively). 
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Conversely, slope coefficients for blow P4 (0.62, 0.88), and all serum hormones were significantly 
different from 1 (P4 [0.55, 0.65], T [0.49, 0.69], E2 [0.25, 0.30], F [0.40, 0.58]) indicating an under 
or over-estimation of parent hormone concentration. 
For humpback whales (Figure 9.6), there were significant relationships identified between observed 
and expected parent hormone concentrations for blow extracts (P4: F(1,3) = 275.08; T: F(1,3) = 10 
840.31; E2: F(1,2) = 754.92; F(1,3) = 974.96; all p < 0.001) and blubber extracts (P4: F(1,3) = 357.05; T: 
F(1,3) = 6 640.56; E2: F(1,2) = 3 626.46; F: F(1,3) = 1 371.09; all p < 0.001). Blow P4 and E2 slope 
coefficients (95% CIs) did not differ from 1 (P4: [0.74, 1.08], E2: [0.92, 1.27]). Slope coefficients 
for blow T (0.84, 0.89) and blow F (0.69, 0.84), and all blubber hormones (P4: [0.69,0.92]; T: 
[1.09,1.15]; E2: [1.16, 1.26]; F: [1.09, 1.29]) differed significantly from 1. This indicated that the 
measurement of the T parent hormone and F parent hormone in blow was an under-estimate of true 
concentrations. Similarly, measurements of the P4 parent hormone in blubber were likely to be an 
under-estimate. Conversely, T, E2 and F parent hormone measurements in blubber were over-
estimates of true parent hormone concentrations. 
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Figure 9.5: EIA hormone recovery/accuracy test for progesterone (A.), testosterone (B.), oestradiol (C.) and cortisol (D.) in captive bottlenose 
dolphin blow and serum samples. 
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Figure 9.6: EIA hormone recovery/accuracy test for progesterone (A.), testosterone (B.), oestradiol (C.) and cortisol (D.) in humpback whale 
blow and blubber samples. 
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Appendix 2 
The effect of three freeze-thaw (FT) cycles on concentrations of steroids in blubber hormone 
extracts was examined. First, we prepared 4 pooled blubber hormone extracts (600 uL each) by 
combining equal volumes (50uL) of 12 existing blubber extracts from humpback whales. Pooled 
samples were then aliquoted equally (200 uL) into 3 separate 1.5mL centrifuge tubes 
(Thermofisher, Australia) and frozen at -80°C. Tubes were then treated with either 1, 2 or 3 FT 
cycles. For each FT cycle, frozen tubes were placed into a refrigerator at 4°C for 60 min. After 
thawing completely, each tube was transferred back into -80°C. Subsequent FTs were conducted 
after 24 hours (at -80°C) to ensure that no sample failed to re-freeze before the next FT cycle. A 
single pooled sample was then allocated to each hormone test. All 3 tubes for each sample (i.e. one 
treated to 1 FT, another treated to 2 FTs and the other treated with 3 FTs) were then analysed for 
that particular hormone concentration. To minimise variability from other sources (i.e. inter-assay 
variability) all tubes were analysed within the same assay plate. Concentrations in each pooled 
sample were then compared after each FT cycle. Changes to concentrations (Figure 9.7) could not 
be statistically evaluated due to a lack of replicate pooled samples for each hormone. 
Figure 9.7: Changes to concentrations of progesterone, testosterone, oestradiol and cortisol in 
pooled blubber extracts (n = 1 per hormone) from humpback whales after three successive 
freeze-thaw cycles. All changes to progesterone, testosterone and cortisol concentrations were less 
than 10%. Oestradiol concentrations increased by ~36% between the 2nd and 3rd freeze-thaw cycle. 
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Appendix 3 
Table 9.2: GLMM output for fixed and random effects in in dolphin progesterone response 
model. Output for interaction terms not included. 
Coefficient estimate SE of estimate 
Wald 
z-
value 
p-value
Intercept -1.73 0.24 -7.05 < 0.001 
Pregnancy status  
(pregnant relative to non-pregnant) 
0.93 0.62 1.51 0.13 
Sample type 
(blubber relative to blow) 
2.08 0.35 6.02 < 0.001 
(serum relative to blow) 0.59 0.25 2.40 0.016 
Random effect 
(ID) Variance = 0.09; SD = 0.30 
Residual Variance = 0.86; SD = 0.93 
Model fit 
AIC = 100 
LogLikelihood = -42.0 
Deviance = 84.0 
Table 9.3: GLMM output for fixed and random effects in dolphin oestradiol response model. 
Output for interaction terms not included. 
Coefficient estimate SE of estimate 
Wald 
z-
value 
p-value
Intercept -0.77 0.20 -3.75 < 0.001 
Ovarian condition  
(cycling relative to non-cycling) 0.75 0.26 2.85 0.0043 
Sample type 
(blubber relative to blow) 
1.80 0.32 5.61 < 0.001 
(serum relative to blow) 0.03 0.22 0.13 0.90 
Random effect 
(ID) Variance = 0.12; SD = 0.34 
Residual Variance = 0.93; SD = 0.97 
Model fit 
AIC = 143.3 
LogLikelihood = -63.7 
Deviance = 127.3 
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Table 9.4: GLMM output for fixed and random effects in first dolphin testosterone response 
model. Output for interaction terms not included. 
Coefficient estimate SE of estimate 
Wald 
z-
value 
p-value
Intercept -1.73 0.24 -7.05 < 0.001 
Age class  
(juvenile relative to adult) -1.10 0.14 -7.82 < 0.001 
Sample type 
(blubber relative to blow) -1.09 0.31 -3.47 < 0.001 
(serum relative to blow) 2.99 0.37 8.02 < 0.001 
Random effect 
(ID) Variance = 0.00; SD = 0.00 
Residual Variance = 0.48; SD = 0.69 
Model fit 
AIC = 176.5 
LogLikelihood = -80.2 
Deviance = 160.5 
Table 9.5: GLMM output for fixed and random effects in second testosterone response model. 
Output for interaction terms not included.
Coefficient estimate SE of estimate 
Wald  
z-value  p-value
Intercept -2.35 0.20 -11.53 < 0.001
Sampling date  
(relative to August 2015) 
June 2015 0.32 0.41 0.78 0.43 
December 2015 0.95 0.23 4.21 < 0.001 
February 2016 1.59 0.23 7.05 < 0.001 
May 2016 2.17 0.24 8.99 < 0.001 
August 2016 0.27 0.24 1.11 0.27 
Sample type 
(serum relative to blow) 
4.20 0.23 18.35 < 0.001 
Random effect 
(ID) Variance = 0.03; SD = 0.16 
Residual Variance = 0.13; SD = 0.36 
Model fit 
AIC = 110.9 
LogLikelihood = -41.5 
Deviance = 82.9 
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Table 9.6: GLMM output for fixed and random effects in dolphin cortisol response model. 
Output for interaction terms not included. 
Coefficient estimate SE of estimate 
Wald 
z-
value 
p-value
Intercept 1.57 0.15 -10.42 < 0.001 
Collection time 
(morning relative to afternoon) 
0.46 0.18 2.53 0.011 
Season  
(winter relative to summer) -0.21 0.14 -1.49 0.14 
Life history class 
(relative to adult female) 
Adult male -0.001 0.19 -0.009 0.99 
Juvenile female -0.08 0.24 -0.34 0.73 
Juvenile male -0.57 0.32 -1.78 0.075 
Sample type 
(blubber relative to blow) 
1.84 0.26 7.17 < 0.001 
(serum relative to blow) 3.48 0.16 21.60 < 0.001 
Collection type 
(OOW relative to IW) 
0.92 0.19 4.78 < 0.001 
Random effect 
(ID) Variance < 0.001; SD < 0.001 
Residual Variance =0.74; SD = 0.86 
Model fit 
AIC = 476.1 
LogLikelihood = -224.0 
Deviance = 84.0 
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Appendix 4 
Figure 9.8: ROC curve for multivariable logistic regression model predicting female 
humpback whale affiliation status (predictors: blubber oestradiol levels, presumed pregnancy 
status and lactational status). 
Figure 9.9: Logistic regression model ROC curve for predicting male humpback whale 
dominance status (principal or secondary escort) using blubber testosterone levels (nested 
within each month of sampling) as a predictor.
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Whales and Dolphins (Humpback Whales (Megaptera novaeangliae), Mix, Adults, Natural Habitat)
29 May 2015 Initial approval 107 107
31 Dec 2015 Use in 2015 (from 2016 MAR) -60 47
15 Apr 2016 Mod #1 60 107
Description Amount Balance
Approval Details
UQ Research and Innovation
Director, Research Management Office
Nicole Thompson
Animal Ethics Approval Certificate 19-Apr-2016
Please check all details below and inform the Animal Welfare Unit within 10 working days if anything is incorrect.
Activity Details
Chief Investigator: Dr Rebecca Dunlop, Veterinary Science
Title: Monitoring endocrine biomarkers in migrating humpback whales
AEC Approval Number: SVS/080/15/CEAL
Previous AEC Number:
Approval Duration: 29-May-2015 to 29-May-2017
Funding Body:
Group: Native and exotic wildlife and marine animals
Other Staff/Students: Fletcher Mingramm, Deanne Whitworth, Andrew Nichols, Tamara Keeley, Rob Slade, 
Anthony Muyt, Michael Noad, Kim Bryceson, Michael Williamson
Summary
Subspecies Strain Class Gender Source Approved Remaining
Whales and 
Dolphins
Humpback 
Whales 
(Megaptera 
novaeangliae)
Adults Mix Natural Habitat 167 107
Permits
Scientific Purposes Permit WISP15866815 26-May-2015 to 31-Dec-2016
Marine Parks Permits QS2016/MAN307 14-Apr-2016 to 31-Dec-2016
Provisos
Location(s): Other Queensland Location
Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia
Animal Welfare Unit
UQ Research and Innovation
The University of Queensland
+61 7 336 52925 (Enquiries)
+61 7 334 68710 (Enquiries)
+61 7 336 52713 (Coordinator)
animalwelfare@research.uq.edu.au
uq.edu.au/research
Page 1 of 2
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Cattle (Female, Adults, UQ)
12 Feb 2013 Initial Approval 10 10
Whales and Dolphins (Mix, Adults, Other)
12 Feb 2013 Initial Approval 20 20
Description Amount Balance
Approval Details
UQ Research and Innovation
Director, Research Management Office
Nicole Thompson
ANIMAL ETHICS APPROVAL CERTIFICATE 26-Feb-2013
Activity Details
Chief Investigator: Dr Rebecca Dunlop, Veterinary Science
Title: Sampling cetaceans for hormonal and disease analysis
AEC Approval Number: SVS/014/13
Previous AEC Number:
Approval Duration: 27-Feb-2013 to 27-Feb-2015
Funding Body: Internal Funds - UQ
Group: Native and exotic wildlife and marine animals
Other Staff/Students: Michael Noad, Ben Markham, Stephanie Turner, Helen Owen, Flaminia Coiacetto, Michael 
Williamson, Mitchell Leroy, David Blyde, Jonathan Hill, Cath Atkin, Tammy Johnston, 
Phil Martin
Summary
Subspecies Strain Class Gender Source Approved Remaining
Cattle Adults Female UQ 10 10
Whales and 
Dolphins
Adults Mix Other 20 20
Permit(s):
Proviso(s):
Location(s): Other Queensland Location
Gatton - Cattle Feedlot
Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia
UQ Research and Innovation
The University of Queensland
T  +61 7 3365 2925 (Enquiries)
T  +61 7 3365 2713 (Manager)
F  +61 7 3365 4455
E  animalwelfare@research.uq.edu.au
W www.uq.edu.au/research/rid/
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Whales and Dolphins (Humpback Whales (Megaptera novaeangliae), Mix, Adults, Natural Habitat)
8 Jul 2014 Initial approval 393 393
Description Amount Balance
Approval Details
UQ Research and Innovation
Director, Research Management Office
Nicole Thompson
Animal Ethics Approval Certificate 24-Jul-2014
Please check all details below and inform the Animal Welfare Unit within 10 working days if anything is incorrect.
Activity Details
Chief Investigator: Associate Professor Michael Noad, Veterinary Science
Title: Behavioural Responses of Australian Humpback Whales to Seismic Surveys - Experiment 4
AEC Approval Number: CURTIN/SVS/152/14
Previous AEC Number:
Approval Duration: 01-Aug-2014 to 01-Aug-2016
Funding Body: Joint Industry Program
Group: Native and exotic wildlife and marine animals
Other Staff/Students: Rebecca Dunlop, Rob McCauley, David Paton, Douglas Cato, Rob Slade, Ailbhe Kavanagh
Summary
Subspecies Strain Class Gender Source Approved Remaining
Whales and 
Dolphins
Humpback 
Whales 
(Megaptera 
novaeangliae)
Adults Mix Natural Habitat 393 393
Permits
Provisos
Logbook Proviso:
The CI is required to keep a logbook of all volunteers who will be participating in this protocol, which should include date, 
name, and role undertaken, experience etc. with this information provided to the AEC as required.
Location(s): Other Queensland Location
Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia
Animal Welfare Unit
UQ Research and Innovation
The University of Queensland
+61 7 336 52925 (Enquiries)
+61 7 334 68710 (Enquiries)
+61 7 336 52713 (Coordinator)
animalwelfare@research.uq.edu.au
uq.edu.au/research
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Whales and Dolphins (Humpback Whales (Megaptera novaeangliae), Mix, Adults, Natural Habitat)
12 Apr 2016 initial approval 0 0
Description Amount Balance
Approval Details
UQ Research and Innovation
Director, Research Management Office
Nicole Thompson
Animal Ethics Approval Certificate 15-Apr-2016
Please check all details below and inform the Animal Welfare Unit within 10 working days if anything is incorrect.
Activity Details
Chief Investigator: Mr Fletcher Mingramm, Biological Sciences
Title: ANRFA: Multi-matrix endocrine analysis of cetaceans: Development and examination of 
techniques for adrenal function and reproductive assessment.
AEC Approval Number: ANRFA/SVS/130/16
Previous AEC Number:
Approval Duration: 15-Apr-2016 to 15-Apr-2018
Funding Body:
Group: Native and exotic wildlife and marine animals
Other Staff/Students: Rebecca Dunlop, Russell Lyons, Tamara Keeley, Jonathan Hill, Sean Corley, Deanne 
Whitworth
Summary
Subspecies Strain Class Gender Source Approved Remaining
Whales and 
Dolphins
Humpback 
Whales 
(Megaptera 
novaeangliae)
Adults Mix Natural Habitat 0 0
Permits
Provisos
· Animal numbers are not shown on this certificate as the animals did not die or were interfered with for the purposes of
this project.
Location(s): Other Queensland Location
Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia
Animal Welfare Unit
UQ Research and Innovation
The University of Queensland
+61 7 336 52925 (Enquiries)
+61 7 334 68710 (Enquiries)
+61 7 336 52713 (Coordinator)
animalwelfare@research.uq.edu.au
uq.edu.au/research
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Whales and Dolphins (Bottlenose Dolphin (Tursiops truncatus), Mix, Adults, Other)
27 Mar 2015 Initial approval 18 18
17 Apr 2015 Modification #1 8 26
Description Amount Balance
Approval Details
UQ Research and Innovation
Director, Research Management Office
Nicole Thompson
Animal Ethics Approval Certificate 17-Apr-2015
Please check all details below and inform the Animal Welfare Unit within 10 working days if anything is incorrect.
Activity Details
Chief Investigator: Dr Rebecca Dunlop
Title: Endocrine analysis in cetaceans: A tool for non-invasive health and reproductive 
assessment
AEC Approval Number: SVS/458/14
Previous AEC Number:
Approval Duration: 27-Mar-2015 to 27-Mar-2017
Funding Body: School of Veterinary Science
Group: Native and exotic wildlife and marine animals
Other Staff/Students: Fletcher Mingramm, Tamara Keeley
Summary
Subspecies Strain Class Gender Source Approved Remaining
Whales and 
Dolphins
Bottlenose 
Dolphin (Tursiops 
truncatus)
Adults Mix Other 26 26
Permits
Provisos
CVO Monitoring Proviso:
The AEC has directed that the Consultant Veterinarian of the Animal Welfare Unit monitor the blood sampling conducted 
as a part of this project.  Please email m.uren@research.uq.edu.au or notify the AWUC on 52713 at least 7 - 10 days before 
monitoring is required.
Location(s): Other Queensland Location
Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia
Animal Welfare Unit
UQ Research and Innovation
The University of Queensland
+61 7 336 52925 (Enquiries)
+61 7 334 68710 (Enquiries)
+61 7 336 52713 (Coordinator)
animalwelfare@research.uq.edu.au
uq.edu.au/research
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